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Abstract 


This thesis attempts for the first time to understand 
some aspects of oxygen and sulphur isotope fractionation 
during the reduction of sulphate to sulphide by synergetic 
pairs of organisms. 

The reduction of sulphate by graphite was examined and 
careful attention to detail has significantly improved the 
reproducibility and precision of oxygen isotope measure- 
ments in sulphate. The author also contributed to the pro- 
gram of evaluating isotopic abundance ratios by the appli- 
cation of a PDP-8 computer to the ion current measurement 
system of the mass spectrometer. 

Oxygen and sulphur isotopic abundance ratio determin- 
ations for unreacted sulphate and sulphur data for the Hos 
product were made during four synergetic reductions of sul- 
phate by Bacillus 8P and Clostridium Dm3 . Both normal and 
inverse kinetic isotope effects were observed. Data for the 
unreacted sulphate yielded a 3.82 + 0.05 ratio for the 
gah, gore values. No correlation was observed between the 


H,S final product and the sulphate data because of a build 


2 
up of intermediates and the fastidious nature of these org- 
anisms. Despite recent evidence that the cole value of the 
unreacted sulphate is related to the isotopic composition of 
the water, it is believed that this approximately 4:1 en- 


richment ratio has particular significance. 
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CHAPTER I OXYGEN ISOTOPE ABUNDANCES IN SULPHATE 


Pan introduction 


Oxygen isotope studies are proving to be one of the 
most useful tools for studying the environment and the inter- 
actions of rocks, minerals, and water over a wide range of 
geological conditions. Most of the major oxygen-bearing 
mineral groups have been studied in detail, such as the 
carbonates, silicates, and oxides. One of the common rock 
forming mineral groups which has received little attention 
yet is present in many physical, chemical, biological, and 
geological processes, is the sulphate group. 

Historically several analytical procedures have 
been developed for the extraction of oxygen from silicates 
and other oxygen compounds for precise isotopic analysis. 
Such studies often make it possible to define environments 
with greater detail than conventional techniques. In parti- 
cular, the oxygen and sulphur isotope abundance ratios in 
sulphate reveal information concerning processes in the 
oxygen and sulphur cycles in the ocean-atmosphere system. 

Since the work of SZABO, TUDGE, MACNAMARA and 
THODE (1950), variations in the $?"/S?? abundance ratios in 
sulphates have been routinely measured for over twenty years. 


It has long been realized that complementary 0*°/0**® abun- 
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dance data could assist in the interpretation of sulphate 
geochemistry and biochemistry. However, it has only been 
during the past few years that investigators have carried 


out extensive oxygen isotope analyses. 


1.2 Sulphate Ion Oxygen Isotope Exchange 


Because sulphates are important primary and 
secondary minerals in sedimentary rocks, and in addition 
can be found in igneous and metamorphic rock systems, it 
became necessary to learn more of the fundamental oxygen 
isotope behavior. If sulphate is to be recovered from a 
variety of solutions and mineral assemblages, it is neces- 
sary to know what exchange takes place under experimental 
conditions involved in the recovery of sulphate for oxygen 
isotopic measurements. 

The: early work of TEIS (1956) indicated that oxygen 
isotopes exchanged very slowly between dissolved sulphate 
and water in near neutral solutions at earth surface temp- 
eratures. For example, the half period for exchange of 


Na,S0 in neutral solutions was found to be about 70 years, 


4 
the full period for near equilibrium being reached in about 
450 years. HOERING and KENNEDY (1957) pointed out, however, 
that the exchange between sulphate and water was accelerated 


considerably in concentrated acid solutions. Under quite 


adverse chemical conditions, RAFTER (1967) found negligible 
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alteration to the isotopic composition of sulphate during ex- 
traction procedures which would be encountered during routine 
laboratory analyses. 

Confirming the general observations of TEIS (1956), 
LLOYD (1968) found the exchange rates of sulphate and water 
were very slow in normal geological environments (97 per 
cent exchange of oceanic sulphate with ocean water having a 
mean temperature of 4°C and a pH of 8.2 would require of the 
order of 250,000 years). 

TEIS (1956) also examined the exchange of sodium 
sulphate and carbon dioxide gas. At 900°C, the half period 
was found to be 2.2 hours and by extrapolation to ordinary 
temperatures (about 20°C), the half period of exchange was 
estimated to be slightly more than 10,000 years. 

Thus it can be concluded that in most experimental 
and naturally occurring procedures involving the sulphate ion, 
ae oxygen isotopic exchange rates are extremely slow in 
sulphate - water and sulphate - CO, systems. At earth 
surface conditions, it may require about 10° to 10° years to 
approximate near oxygen isotope exchange equilibrium. With 
such a slow exchange, one would expect the isotopic values 
of the sulphate to reflect a long term average environmental 
condition rather than the "instantaneous" environmental con- 
ditions. As such, sulphate can be extracted in the labora- 


tory without fractionation of the oxygen isotopes. 
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1.3 Jerrestrial Variations of Oxygen Isotope Abundances in 
Sulphates 

The oxygen isotopic abundance variations of sul- 
phate in nature are dependent upon the history of the sul- 
phate ion exchange in the sulphur cycle. HOLSER and KAPLAN 
(1966) calculated the time of residence for sulphur in the 
sea to be about 21 million years. This would be equivalent 
to more than 80 half-times of exchange. Therefore one would 
probably expect oceanic sulphate to be in isotopic equili- 
brium with ocean water. But if the oxidation-reduction 
turnover of sulphate is responsible for preventing the 
establishment of isotopic equilibrium, then from HOLSER and 
KAPLAN (1966), about 30 per cent of the sulphate oxygen 
passes through the sulphur cycle over a time period proba- 
bly less than 50,000 years. This represents more than one 
half of the oxygen found in the present atmosphere, and 
hence suggests that the sulphur cycle could be one of the 
important factors regulating the oxygen balance in the ocean- 
atmosphere system. 

With the development of a quantitative and reliable 
method [RAFTER (1967), LONGINELLI and CRAIG (1967), and LLOYD 
(1967)] for the extraction of oxygen atoms from sulphate for 
precise isotopic analysis, the complementary 03%/0’** isotopic 
ratios opened up unlimited and almost totally unexplored 


possibilities for the study of oxygen isotope abundance 
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ratios for sulphate in geochemical and biochemical environ- 
ments. The purpose of the research turned towards being able 
to know the range of isotopic composition of the dissolved 
Sulphate, to check the possible existence of some relation 
between the oxygen isotopic composition of sulphate and that 
of the waters in which it is found, and to obtain information 
of the origin of the sulphate and its history. 

RAFTER and MIZUTANI (1967a) examined the oxygen 
isotopic abundance ratios of sulphate and water from Lake 
Venda in theowintearctic.chther Sec/S* Zora tionsinr the sulphate 
was found to increase approximately four times faster than 
the 0'°/0'® ratio in the sulphate with depth. Also the 
0'®/0'® ratio in the sulphate increased at twice the rate 
as in the water. A problem arose concerning interpretation. 
The assumption made at that time was that biological frac- 
tionation caused such an enrichment. The establishment of 
such a correlation for sulphur-34 and the oxygen-18 content 
of these sulphates led to more extensive work in a attempt 
to understand the variations of oxygen-18 in naturally oc- 
curring sulphates. 

LONGINELLI (1968) found no relation between the 
018/01® ratios of sulphate and water and temperatures in wa- 
ters from 34 thermal springs in Tuscany (Italy). CORTECCI 
and LONGINELLI (1968) found a positive correlation existed 


for oxygen-18 in sulphate and some lake waters. The results 
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obtained were concluded to be probably caused by several 
different factors - one of these factors being a wide 
spread microbiological activity. Later, LONGINELLI and 
CORTECCI (1969) found, for two rivers, variations almost 
always in a direction of positive enrichment in the heavy 
isotopes (the oxygen-18 and sulphur-34). In contrast to 
RAFTER and MIZUTANI (1967a), a comparison of S$**/S%? to 
07°/0'® yielded a slope which varied from 0.6 to 0.7 with 
time. 

LLOYD (1968) did attempt some bacterial reduc- 
tions of sulphate, but encountered difficulties. It was 
found difficult to control the rate at which the bacterial 
reduction progressed. Also the medium would become 
poisoned with excess hydrogen sulphide after a time, and the 
reduction would stop. Thus none of the experiments went to 
completion. From the data obtained with both pure cultures 
and natural mixtures of bacteria, LLOYD (1968) did indicate 
that there was a preferential consumption of oxygen-16 by 
the bacteria. 

MIZUTANI and RAFTER (1969) attempted to establish 
the relationship between sulphur-34 and oxygen-18 values in 
the sulphate employed for the study of the bacterial reduc- 
tion of sulphate. They also wished to test the relation- 
ship between the oxygen-18 values of sulphate and the water 


in which the sulphate was formed during the bacterial oxida- 
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tion of sulphur. In the bacterial reduction of sulphate, 
MIZUTANI and RAFTER (1969) found that at any stage of the 
reduction, the remaining sulphate was enriched in both 
oxygen-18 and sulphur-34. The ratio of the sulphur-34 en- 
richment to the oxygen-18 enrichment was approximately 

4:1 . In the bacterial oxidation of sulphur, very little 
difference was observed between the oxygen-18 value of any 
remaining sulphate and that of the water in which the sul- 
phate was found. Such a correlation was most probably the 
result of the hydrogen sulphide formed from the bacterial 
reduction becoming available for the bacterial oxidation 
to sulphate. 

The oxygen and sulphur isotopic abundance ratios 
of some gypsums and evaporites were reported by SAKAI 
(1972). This work discussed the relationship between the 
two isotopic species in terms of geological ages of samples 
from Precambrian to the present. A somewhat similar study 
was performed by LLOYD (1973), where he analyzed inter- 
stitial water from cores. The latter study only presented 
data for the oxygen in the sulphate, but no meaningful 
conclusions were forthcoming. The isotopic composition with 
depth was very interesting, but further work is necessary 


before meaningful conclusions can be made. 
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724 "Present Investigation 


At the outset of this project, investigations of 
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not completely understood: 


abundance ratio in sulphates left the following 


(a) the terrestrial range of oxygen isotope 
variations in sulphates, 

(b) the extent and rate of exchange of oxygen 
atoms, 

(c) the kinetic isotope effects involved in the 
production and reduction (chemical and bio- 
logical) of sulphates, and 

(d) the lack of reproducibility in oxygen isotopic 


abundance data. 


In many cases not only isotope effects, but also 
basic mechanisms involved were not fully understood. For 
example, the complex processes of sulphate reduction by 
bacteria are not yet fully comprehended. 

In the present investigation, it was decided to 
pursue two problems. The first was an examination of the 
reduction of sulphate by graphite with the view of obtain- 
ing consistent oxygen isotope abundance data (Chapter II). 
The second problem was to effect oxygen isotope fraction- 
ation during bacterial sulphate reduction and to compare 
any effects observed to those obtained during the sulphur 


isotope fractionation (ChapterIV). The resultant effects 
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found in both cases would be used as an aid in the under- 
Standing of the mechanisms involved in the microbiological 
reduction of sulphate ( Chapter V ). 

As seen in Section 1.3 , there were independent 
developments during the course of the present investigation 
which are related to the problem selected. However, the 
approaches taken and the emphasis of the present work are 
markedly different. For example, MIZUTANI and RAFTER (1969) 
observed isotope effects during microbiological sulphate 
reduction under experimental conditions quite different from 
those of the present work. They utilized several flasks of 
natural mud and sea water. A given flask was opened at a 
specified time and its contents examined isotopically. The 
experiments of the present investigation contrasted to 
those conditions in several ways. Pure isolates of a spec- 
ific organism were used as opposed to the complex natural 
mixture of organisms employed by MIZUTANI and RAFTER (1969). 
The medium used for the present study was very simple in 
contrast to the unknown complex medium constituting their 
RANUC tic 

In any one of the experiments undertaken, one 
large reaction vessel was used (rather than many flasks), 
gaseous products were constantly flushed anc coilected, 
and the liquid contents periodically examined. Thus, the 
present investigation was able realistically to evaluate 


chemical and isotopic balances. The experimental conditions 
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of MIZUTANI and RAFTER (1969) were quite relevant to 

the terrestrial situation. On the other hand, the present 
approach was more orientated towards elucidating fundamen- 
tal microbiological mechanisms involved in the bacterial 


reduction of sulphate. 
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CHAPTER II GRAPHITE REDUCTION OF SULPHATE TO CARBON DIOXIDE 


2.1 Review 


It is relatively simple to extract oxygen atoms 
from the sulphate ion and react them with graphite. However, 
meeiSivery difficult: toweffect 100 er icent conversion to 
carbon dioxide, and to avoid oxygen isotope exchange with 
other molecules. Both of these difficulties must be over- 
come in order to determine the oxygen isotopic composition 
of sulphates with good reproduceability. 

It would appear that the techniques employed for 
the oxygen extraction from sulphate have paralleled those 
used for determining the oxygen isotope abundances in sili- 
cates and other oxygen bearing compounds. 

One of the pioneering efforts in this regard was 
conducted by MANION, UREY and BLEAKNEY (1934). In their de- 
termination of oxygen isotope abundances in silicates, a mix- 
ture of the silicates and carbon was reacted with carbon te- 
trachloride at 1000°c, whereupon the carbon monoxide formed 
was converted into water by combustion with hydrogen. The 
oxygen obtained by the electrolysis of the water was then 
analyzed. Somewhat later, ATEN and HEVESY (1938) reduced 
Sulphate at 900°C with some finely ground, sub-ignited coal. 


In this determination, the mixture of C0,-CO-H, which formed 
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was converted into water, over a nickel catalyst at 350°C. 
The resultant electrolysis then yielded oxygen which was 
analyzed. 

From that time until recently, the analytical 
procedures for the extraction of oxygen were all based on 
one of the following two types of reactions; 

(1) the reduction by carbon at high temperatures 

(1600 to 2000°C) to yield carbon monoxide, and 

(2) the oxidation by fluorine or some halogen 

fluoride to yield molecular oxygen. 

The carbon reduction technique was further modified 
by HALPERIN and TAUBE (1952) in their studies of oxygen isotope 
abundances in barium sulphate. They used five times as much 
graphite as sulphate, where this mixture was placed ina 
platinum crucible and raised to 1000°C by induction heating. 
About 75 per cent of the oxygen was converted to CO, and the 
remainder to CO. However, only the C0, was analyzed. The 
reduction method was refined by SWANDER (1953) who converted 
the oxygen of silicate minerals and rocks to CO in a thermal 


reaction 


which was quantitative when powdered silica was mixed with 


graphite and heated in a vacuum to 2000°C. However, when 
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mixed samples containing alkali metals, alkali earths or 
aluminum were employed, oxygen yields were accompanied by 
large isotope fractionations. This method was modified 
again by CLAYTON and EPSTEIN (1958) to determine the iso- 
topic composition of oxygen in natural oxides of silicon 
and iron. The carbon monoxide formed was converted to C0, 
using a nickel catalyst and then analyzed in the mass spec- 
trometer. Spectrographically pure graphite was used by 
VINOGRADOV, DONTSOVA, and CHUPAKHIN (1958) as well as 
DONTSOVA (1959), to decrease the effects of fractionation 
previously found. In particular, this improvement now made 
available a reliable analysis of the alumino-silicates, 
which had not yet been successfully analyzed by the graphite 
method of reduction. 

A few isotopic analyses of some naturally occurring 
sulphates were carried out by TEIS (1956) who reduced the 
sulphate at 900°C with some finely ground coal, and conver- 


ted the CO, + CO + H, so formed into water over a nickel 


2 2 
cCatalyst..at 350 °¢, which was then analyzed for oxygen-18. It 
appears that no further work on the carbon reduction method 
for the recovery of oxygen as the more stable carbon dioxide 
was published until 1967. 

On the other hand, oxidation techniques were em- 


ployed by SILVERMAN (1951), and BAERTSCHI and SILVERMAN 


(145). to yield molecular ‘oxygen quantitatively Tromisiia- 
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cate rocks. Two methods developed by these studies were: 
(1) the employment of chlorine trifluoride and 
hydrogen fluoride at ASO. Ga and 
(2) fluorine and hydrogen fluoride at 420°C. 
For most rocks and minerals, these were sufficient but for 
basic and ultra-basic rocks, the yield was about 80 per cent. 
TUDGE (1960) later used chlorine pentafluoride for 
orthophosphate and condensed phosphates. The product, 
molecular oxygen, was more manageable when converted to CO,; 


by the reaction 


CLAYTON and MAYEDA (1963) as well as LONGINELLI 
(1965) used bromine pentafluoride for silicates and phos- 
phates, respectively, since it was easier and safer to 
handle than fluorine. Also it reacts with some minerals 
which do not react completely with fluorine. 

Therefore, by the mid-sixties, the carbon reduction 
and the fluoride oxidation processes were well established 
for the quantitative extraction of oxygen from Sijicates 
and other oxygen compounds for the determination of 0'*/0*® 
ratios. These techniques evolved with a preference for the 


product C0, and net. co. his Wass more SUltavle, since: 
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(1) CO is not stable and will disproportionate into 
C0, plus C, whereas C0, is stable and only 
reduces in part to CO in the presence of carbon 
at a high temperature (above 900°C), 
ce) CO, is less of a health hazard than carbon 
monoxide, 
(3')"'C0: ‘and No have the same molecular mass range 
(28) and cannot be separated in the mass 
spectrometers usually employed in isotope 
abundance studies, and 
(4) CO requires higher temperatures to be the 
major product of a reduction (1600-2000°C) 
whereas CO, becomes the major product at lower 
temperatures (about POON 
LLOYD (1967) ground sulphate samples with spectro- 
graphically pure graphite in excess (ten-fold). Then a pellet 
of the mixture was formed. This was heated in a graphite 
crucible to 1000°C by an induction heater with both carbon 
dioxide and carbon monoxide being the gaseous product. The 
gas so formed was passed through a nickel catalyst furnace 
where the carbon monoxide was converted to carbon dioxide,and 
the total C0, product then collected by freezing in liquid 
nitrogen. LLOYD (1967) also found that the most important 


factor in. obtaining good yields and isotopic reproducibility, 
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was that the sulphate should be in the form of barium sul- 
phate. This is because other sulphates (such as calcium 
sulphate) will produce SO, and COS in addition to CO and cO.,. 

AGGETT, BUNTON, LEWIS, LLEWELLYN, O'CONNOR, CHAR- 
MAIN, and ODELL (1965) made use of the catalytic conversion 
of carbon monoxide to carbon dioxide through utilization of 
the equilibrium 


2C0 + CO, aS 


for isotopic analysis of oxygen in organic compounds. They 
also pointed out that at low pressures and low temperatures 
this reaction would normally be too slow, since formation of 
C0, is favored by low temperature and high pressure. This 
difficulty can be best overcome by the use of a high voltage 
discharge between two parallel plates. These are most effec- 
tive, when used in a vessel partially immersed in liquid 
nitrogen so that the CO, can be condensed aS soon as it is 
formed. 

LONGINELLI and CRAIG (1967) precipitated sulphate 
as barium sulphate and dried it for 3 hours at Ee0sGiinse 
vacuum furnace. The barium sulphate was reduced with excess 
spectrographic graphite (ten to fifteen-fold) by induction 
heating to 1100°C in a graphite crucible with lid. Previous 
to bbisd however, the sample had been degassed at a few hun- 


dred degrees for fifteen minutes before being reduced at 
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elevated temperature for 45 minutes. Any CO, that was formed 


2 
was continually condensed, since the heating chamber was con- 
nected to a liquid nitrogen trap. The residual CO was con- 
verted to CO, by sparking with a Tesla coil above a cold 
trap, using two platinum sheets as electrodes. 

RAFTER (1967) also used barium sulphate, however 
intimately mixed with the pure graphite. This mixture was 
placed in platinum boats with lids, and initially outgassed 
gt7500°C tsa vacuo, then heated to 1100°C in a micro-furnace. 
As the two products formed, the CO, condensed in the first 
nitrogen cold trap but the CO formed was passed on to a 
discharge tube with copper plates, immersed in a cold trap 
to condense the CO, formed during the discharge reaction. 
The two condensed shane were then combined for mass spec- 
trometric analysis. 

RAFTER (1967) felt that a lower temperature range 
(about 900-1050°C) was adequate for the graphite reduction 
of sulphates of sodium, potassium, calcium, strontium, and 
barium. This work realized a higher production of carbon 
dioxide at these lower temperatures, the reaction being 
essentially 


BaS0, £Enzes srepasee+ 200. 


This investigation showed that at elevated temperatures the 


carbon dioxide-graphite reduction was indeed measurable. After 
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three hours at 1000°C, 12 per cent of the CO, had been re- 
duced to CO. For sulphur isotope studies the recovery of 
sulphur as BaS is unaltered if there is any carbon monoxide 
present, but it is vital that all of the sulphate oxygen be 
recovered as carbon dioxide for oxygen isotope abundance 
me rements:. 

RAFTER and MIZUTANI (1967a) further modified the 
technique of RAFTER (1967) with respect to recovery refine- 
ments. They suspected that when the barium sulphate was 
heated over a gas burner in drying, some of the variability 
noted (+ 0.29 ° 700) was due to the reduction of this sul- 
phate in the gas flame and its reoxidation by the atmos- 
pheric ee ctae or possibly an exchange reaction between the 
carbon dioxide in the gas flame and the sulphate. AS a re- 
suit, drying was thereafter a slow process over an electric 
hot plate, and only before weighing out portions for analysis. 
This change in technique led to somewhat more reproducible 
(+ 0.18 °700) results. It was this same reduction and sub- 
sequent reoxidation by atmospheric oxygen that prompted RAFTER 
PIU6/ \etosavoilG tiltration of che SUlphevresOM tlg.ter papel be- 
PORew it Sei Gna C1LON. 

If the references are examined in detail, it is 
found that parameters other than temperature and pressure af- 
fect the ratio of the C0-CO, production. Whereas RAFTER (1967) 
obtained yields of 16 per cent CO and 75 per cent CO. with pla- 
tinum crucibles, LONGINELLI and CRAIG (1967) found variable 
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yields from 98 per cent C0. with a new crucible, down to 
about 80 per cent after ten reactions using graphite cruci- 
bles. This latter technique reduced the reaction time for 
the 


2CO + C0. + C 


process. LONGINELLI and CRAIG (1967) verified this by heat- 
ing carbon dioxide of known composition over the graphite 
crucible until about one half of it was reduced to carbon 
monoxide. The CO was sparked back to C0, and within the pre- 
cision of the volume readings (to one per cent), all the CO. 
was recovered and the isotopic composition of the oxygen was 
unchanged (+ 0.01 S700). Gas chromatographic analysis 
further showed the final product of the sulphate reduction 

to be pure carbon dioxide when pure barium sulphate was used. 
(However, natural barite crystals resulted in the presence of 
a small amount of sulphur dioxide in the cO,.) 

LONGINELLI (1968) noted a very significant factor, 
in that standard samples for intercalibration of the measure- 
ments are badly needed among the different laboratories. This 
is basically due to the experimental fact that different 
techniques of conversion to C0, of the CO produced in the 
reaction between barium sulphate and graphite can cause 


slight isotopic differences in the final samples. 
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While the development of oxygen isotope studies in 
sulphate continued, SAKAI and KROUSE (1971) discussed the 
reduction technique further. This work pointed out signi- 
ficant memory effects, which were caused by oxygen isotope 
exchange between the product CO and the hot quartz walls. 
This effect is negligible when samples possessing a narrow 
isotopic spread are analyzed (for standard deviations of the 
Order of + 0.1 S700). However, with sulphate of widely 
varying oxygen isotope compositions, the reproducibility of 
the isotopic determinations can deteriorate to greater than 
#0055 °700, despite satisfactory yields. Thus a systematic 
investigation of the sample preparation was necessary. 

SAKAI and KROUSE (1971) realized that this was not a problem 
of mass spectrometry, but rather a lack of precision in du- 
plicating the oxygen isotope abundance ratio of the same sul- 
phate sample. Their long term observations revealed that a 
tube of quartz, which displayed signs of devitrification 
after prolonged usage, produced larger memory phenomena than 
a relatively new tube. NORTHRUP and CLAYTON (1965) had 
earlier observed an oxygen isotope exchange between carbon 
dioxide and glass at temperatures above 250°C. This CO.» 
SAKAI and KROUSE (1971) noted, should not be an effective 
participant in exchange phenomena during the conversion. 
This is apparent, since it is rapidly frozen out of the sys- 


tem by the liquid nitrogen trap. But the other gaseous pro- 
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duct, carbon monoxide, does remain as a gas phase, and until 
converted would have a better opportunity to exchange oxygen 
isotopes with the hot quartz walls. Furthermore, one should 
not be misled by the amount of carbon monoxide which remains 
at the end of the heating cycle, since this represents only 
a fraction of the CO which actually forms during the earlier 
Stages of the reaction.,.:/One possible solution involves a 
minimum of three subsequent conversions to assure the de- 
Sired reproducibility for a particular sulphate sample (as 
was done in this thesis). Although the duplication of 
analyses should always be carried out, often in cases where 
the material is rare, only one measurement is possible. Thus 
the solution is really to eliminate memory effects. This is 
only a possibility if a more efficient CO conversion unit is 
developed. The simplest and most direct form of internal 
heating is that of making the platinum boat the location of 
highest resistance in an electrical circuit. This was done 
by SAKAI and KROUSE (1971) in conjunction with a water 
jacket around the quartz tube to greatly reduce oxygen iso- 
tope exchange with the quartz wall. This new apparatus showed 
no signs of memory effects when samples differing in oxygen- 
18 values by over 22 per mil were analyzed. 

The complete procedure for the evaluation of the 
oxygen and sulphur isotope abundance ratios in the sulphates 


involves four possible operations. They are: 
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a. the chemical precipitation of the sulphate in 
the preferred form of barium sulphate, 

b. the reduction of the BaS0, preferably to Ag,s 
as’ thre final “product : 

c. the subsequent burning of the AgoS to form S05; 

for mass spectrometric analysis of the sulphur 

isotope variations, and 

for the 


d. the reduction of the BaSO, to CO 


4 
oxygen isotope measurements. 


2 


All four of these procedures are reliable in that they cause 
no appreciable fractionation of the isotopes. The chief 
disadvantage, however, is the requisite time and labor. Such 
preparative procedures do constitute a major part of a re- 
search program which is focused on the study of sulphur and 
oxygen isotopes variations in sulphate. HOLT and ENGELKEMEIN 
(1970) described a method by which BaSO, is rapidly converted 
to S04 in one operation. Thus the time and effort which is 
consumed in the earlier techniques now can be drastically 
reduced. Here the barium sulphate is converted to sulphur 
dioxide by simply covering the sulphate with pulverized 
quartz powder in a fused quartz tube. Then in a vacuum it 

is heated to the softening point of quartz (T200n0)" resul- 
ting in 


2BaSO0 seco duse t C250 + 05 
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The SO, produced is collected in a cold trap. The oxygen is 
pumped away and the BaO fuses with the silica surroundings. 
This method of conversion does not assure a uniform oxygen- 
18 abundance in the sulphur dioxide, as do previously dis- 
cussed techniques, but a correction is used for the oxygen- 
18 interference in the mass spectrometric analysis. HOLT 
and ENGELKEMEIN (1970) observed no inherent source of inter- 
fering impurity associated with this thermal decomposition 
of pure BaS0, in the quartz environment. 

Although the thermal decomposition of BaS0), did 
appear to reduce the sample preparation time and labor, the 
building of such an apparatus was not justified in view of 
the non-uniform oxygen-18 abundances encountered with this 
method. As a result, the proven laborious techniques were 
continued and the high voltage discharge conversion of CO 


to C0, retained. 


2.2 Apparatus Used in the Present Study 


Literature describing sulphate reduction processes 
continually avoids details of the operating procedures. Such 
methods were impossible to duplicate because of the lack of 
precision involved in defining seemingly unimportant but con- 
troversial steps when one attempts to follow such analyses. 
As a result, the following description of sulphate to C0. 


conversion will strive to clarify every detail of the method. 


zt negyeo oft .nert biog & ob bagsehios ef 
,eenibavormwe#«aifte sag iftw 2aawk Oa8 add bes ¥ 
“fSQyxo Wioliay s oT 22s 20m 296k Heharevned ¥o 2 
«@hh Vfewolver9 ob 26 ,shRxoRb: tulgtan ead mp 
sHepyxo of} VOT beeu 2f AOTegeVIOD 6 jud eauptadont 


— 


TIGH .2fenians 4 tagumondoeies team ant Oh. 
-natni to gotuoz2 snuensdat on bevsoedé (ORT) / 
nattteoqmosgh Tamrelt .2tds dttw beistodess ert 
dnamaovrvies xtasup edt ae peee | 
bth yeas to nottheaquoash. lanrsdp gad Aguedte th 
ads ,vods! ons south notte+6d91q: ofnmee od pada) 
to wety oft boltrteug-ton 2esw eusenpags. aa Apue | 


aids. Adiw beret dora -2andebiiids Bi -napyaae 
aoe 2apuprodgsy svorieds! navong vers Adios Daa 
0) to noftet7evnes spredogth gost Fov pti ade bem, bp | 

ro 


ll 2 ; oT “ee ' 
youre Jns2519 Sif ff 92 eud ny ny, 


a 4 "i 
: 


] 7. 
] a 


252293074 nor soubey asehiige patdr razah srutsretts 

fou2 .2anvbeoo19 gat rwsgo eit. Fo eli-stab ebhows wn 

_ Yo. dow sft Yo Seuer0d etal tgbb: oF stab azagat: a 

“nea thd: Ings raquo ten thipge. Baad tab at at 

-a92y tons dane wol fot of ztqnedts 200 asdw. bissiaah 

9° od sxedqtuz to wontataseeb: wniwol fay ont ot 

| bottom sit to finde 1949: meena ‘ot icine ore 

| ait’, 

| Re Pe oe - 
. ; 


a. 


24 


The high voltage discharge conversion unit, adop- 
ted for the conversion of CO to CO.; was built into a vacuum 
System as shown in Figure 2-1. The reduction furnace (F) 
contained an element (E), made of self-bonded silicon car- 
bide. The "Crusilite" (Norton Company, Worchester, Mass.) 
heating element was tubular in shape and had a 47 mm 1.D. 
and 55 mm 0.D. In the center of the 14" overall length, was 
a 6" "hot zone" (H). This region of high temperature was 
formed by cutting a spiral in the element such that the "cold 
ends" are not spiralled. This action produced a much lower 
resistance zone at either end of the element, with the center 
region of highest resistance. There were no mechanical 
joints so as to ensure no possibility of failure due to 
mechanical dissimilarities. The "Crusilite" elements were 
glazed to provide an increased resistance to oxidation. Be- 
cause of this glaze, excellent temperature control and re- 
producibility was available - the element has not been re- 
mraced atter four years. of continual use. © The: glaze prevents 
rapid aging (at 1100°C the rate of resistance change was 
about 10 per cent per thousand-hours, or an estimated 25 per 
cent per thousand hours at maiog° €)'. 

Temperatures in excess of 1250° were realized when 
20 amp at 100 v was applied. The power supply (20 amp, 140 v 
variac) used was directly wired to the element support Sleeves 


at one end of the doubly spiralled muffle. This type was 
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advantageous in that both electrical connections were at the 
same end, leaving free access to the other end. The element 
was mounted horizontally, thus allowing the freedom to ex- 
pand and contract in the firebrick furnace. The element's 
terminal connectors protruded beyond the furnace face so as 
to permit good ventilation and prevent overheating. 

A Pt-Pt (13 per cent Rd) thermocouple (T) was in- 
serted in the "hot zone" (H) between the inner surface of 
the element (E) and the quartz tubes (Q) inside. Tempera- 
tures higher than 1250°C were only attempted once, since the 
quartz combustion tubes (Q) began to soften at these and 
more elevated temperatures. The three quartz tubes (Q) had 
ground glass caps (C) through which the specimen could be 
introduced to and removed from the “hot zone" (H) of the 
furnace. Temperature control was solely dependent upon the 
readings from the thermocouple temperature recorder (T). 

The quartz tubes (Q) were each monitored qualita- 
tively by a mercury manometer (M) attached to each combustion 
tube. A liquid nitrogen cold trap (N) was also connected to 
each chamber so that the carbon dioxide which formed was con- 
densed as soon as it was formed in the respective quartz com- 
bustion chambers (Q). With stopcocks (S) closed, each sample 
in the system could be monitored by the respective pressure 


manometers (M). One of the three stopcocks (S) was usually 
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allowed to remain open, thus permitting the CO gas formed in 
that tube to expand further into the vacuum gauge head (G). 
As the reaction in the tubes proceeded, the manifold 
pressure reading could be obtained for one of the three 
samples being reduced. But this limitation was minimized 

by using specimens of about the same size. These manifold 
readings were most helpful in that they indicated the rate 
of CO production as well as when the formation had reached 
completion - no further decrease in the pressure as recorded 
by the vacuum gauge (G). 

As the CO, formed, it was frozen down in the 
liquid nitrogen traps (N) immediately. The CO produced 
during the reduction still remained between the ground glass 
caps (C) and the stopcocks (S) - except for the monitored 
sample. This CO gas was now available for the conversion 
to carbon dioxide in the high voltage discharge conversion 
unit (D). With the vacuum gauge (G) turned off, stopcock A 
was then opened to allow the CO to enter the conversion unit 


(D). When the reaction 
ZG" > CO. ary, 


was completed, the vacuum head (G) was turned on to record a 


quantitative indication of the completeness of the conversion 
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and also the reduction of the sulphate specimen. 

Once the CO to C0, conversion was finished, liquid 
nitrogen was placed around the calibration volume (V). When 
stopcock R was then opened, the C0. from the reduction could 
be transferred to this calibration volume. If stopcock R 
was subsequently closed and the cold liquid nitrogen bath 
removed, a volumetric calculation of the C0. gas can be made 
knowing the recorded manometer pressure (P), and the volume 
contained between the stopcocks (R and K) including the 
total volume when these stopcocks were closed. After the CO, 
volume was recorded, the stopcock K was opened allowing the 
gaseous CO, to expand towards the breakseal line (B). With 
the use of a liquid nitrogen bath, the sample was subsequent- 
ly removed from the system, and was available for later mass 
spectrometric analysis. Both stopcocks I and J led to con- 
ventional pumping equipment (in this case, a mercury diffu- 
sion pump connected to a rotary vacuum pump). These were 
installed to permit the rapid evacuation of the apparatus. 

High voltage for the CO to C0, conversion unit was 
puppijied by a 4.5 Kv transformer. “Ihe electrodes. of the unit 
were made of platinum, 2 cm by 4 cm, and 0.003 inch in thick- 
ness. The ground glass cap, through which the electrode leads 
passed, was removed when it was considered desirable to clean 


the platinum electrodes of accumulated carbon. It was found 
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necessary to cease sparking when a pressure reading was re- 
quired to monitor Progress of the reaction. Otherwise, the 
gaseous ionization excited the current carrying conductors of 
the pressure gauge, resulting in erroneous pressures. 
Breakseals (B) were attached to the calibration 
volume (V) for the removal of the carbon dioxide produced by 
the graphite reduction of sulphate. To replace them, a stop- 
cock (U) was opened to allow the breakseal line pressure to 
rise to atmospheric pressure. Stopcock (0) permitted the 
rapid replacement of samples to be reduced in the quartz 
combustion tubes. Both operations can be completed and the 
line evacuated with a minimum of disturbance to the rest of 


the system. 


2.3 Method 


About 50 mg of BaS0, (dried overnight at 120°C to 
expel any water present) was weighed accurately and then 
transferred to a small agate mortar. Following the same care 
in weighing and the transferral, about 50 mg of spectro- 
graphically pure graphite was weighed (after drying over- 
night at 900°C in vacuo) and transferred to the agate mortar. 
The specimen and graphite were then intimately mixed and 
transferred into a previously dried (overnight at 12000) 


and weighed platinum boat. 
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This platinum boat was approximately 4 cm in length, 
Pcm in depth, and about 1.5 cm wide. Lids, also platinum, 
were made for the boats and dried and weighed in the same 
manner as the boats. 

The boat, containing the sample and graphite, was 
reweighed to obtain the exact weight of the mixture, since 
about 2 mg were lost during the mixing and transferral 
processes. The lid was then placed securely on the boat and 
its contents before another weighing of the 
sample. The lid always covered completely the boat and its 
contents, after a suggestion from LONGINELLI (private 
communication). This procedure gave consistently better 
yields. 

The loss due to the mechanical mixing and transfer 
was usually of the order of 2 mg, independent of the sample 
epze,  ihis loss was’ most consistent throughout the entire 
work of this thesis. That is 5 as can be seen from-Table 2-1; 
it was entirely the care given to the process that determined 
the amount of sample and graphite lost. 

the: boat. plus lid-and contents.) was then placed in 
one of the quartz combustion tubes (within the "hot zone") of 
the reduction furnace. That quartz tube was subsequently 
evacuated. This was done by first greasing the ground glass 


cap and then placing it over the quartz tube end after the 
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Table 2-1 

Date: Boat 
7/5/70 A 
B 
E 
r/ 5/70 A 
B 
C 
15/5/70 ° A 
B 
C 
22/75/70 A 
B 
C 


Weight 
(mg) 


323 
1278 
1428 
1392 
1278 
1429 
1392 
1278 
1429 
1394 
lates. 
1430 


Before After 
Mixing Mixing 
(mg ) (mg) 
1531 1529 
1414 1413 
1562 1562 
1520 1519 
1410 1409 
1569 1566 
1530 LooA 
1436 1436 
1535 1534 
1534 1532 
1431 1429 
1539 1539 


average loss 
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Loss of graphite and sulphate due to 
mixing and transfer 
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boat had been inserted. Now the appropriate stopcock (S) 
was opened after closure of stopcocks I and J, to ensure 
that the reduction chamber was most efficiently evacuated as 
well as maintaining the remainder of the vacuum system at 
about 0.001 Torr. Once the first specimen was introduced, 
the temperature was raised to 500°C from the stand-by temp- 
erature of 400°C. Thus any water vapor or gases produced or 
present in the tube were pumped away. Similarly two more 
specimens were prepared and introduced into the furnace and 
the evacuated system. The three samples were then left for 
about 15 minutes to ensure no residual gases were present. 
It was considered advisable at this stage of the reduction 
process to close stopcocks I and J to permit observation of 
the vacuum gauge reading (G) to detect the presence of any 
residual gas production. 

Once no residual gas pressure was detected, dewar 
flasks containing liquid nitrogen were placed around the 


three CO, traps (N). If a combustion tube was to be monitored, 


2 
as was always done, then a flask of liquid nitrogen must 
also be placed around the conversion unit (D). With two of 
the stopcocks (S) closed and the other open to the tube 
being monitored, stopcock A was checked to be open and R was 
now closed. Thus the monitor chamber was open to the vacuum 


gauge as well as the conversion unit. The furnace was then 


raised to TV seaetene which required approximately 25 minutes, 
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and was held at that temperature a further 15 minutes to en- 
Sure completeness of the reduction. It was turned down to 
400°C once the reaction was finished. 

As the carbon dioxide formed, it condensed in the 
liquid nitrogen traps (N). Any carbon monoxide produced was 
registered on the manometers (M). Always one of the three 
was the monitor - usually the first introduced into the 
quartz tubes. Thus the progress of the reduction (i.e. CO 
production) in that reaction tube was observed as the pres- 
sure in the quartz combustion chambers rose. When the pres- 
sure reached 0.05 Torr, the vacuum gauge was turned off to 
prevent erroneous readings (as well as possible damage to 
the anaes tube circuit) when the high voltage discharge (D) 
was turned on. As evidenced by the visible gas glow, sparking 
was continued until it was ascertained that the CO to CO, 
conversion had proceeded to completion. 

The two remaining samples were still contained by 
their stopcocks (S), since only one specimen could be con- 
verted to carbon dioxide in the discharge chamber at a time. 
The monitored pressure usually remained below 0.5 Torr 
throughout the experiment. The pressure was seen to drop 
markedly as the high voltage discharge enabled the 
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reaction to proceed. Here the discharge was terminated before 
the vacuum gauge (G) was turned on again, and vice versa, 
throughout the conversion of gaseous carbon monoxide to the 
stable carbon dioxide. It required about 15 minutes at 
elevated temperature, with alternate reading of the pressure, 
and sparking, until ays residual gas was a sufficiently small 
fraction of the total CO, produced. This residual gas was 
then pumped away. 

The liquid nitrogen dewar from the monitor CO, 
trap (N) was removed to allow the CO, condensed in the 
monitored trap (N) to evolve and condense in the discharge 
Chamber, which at this time was still enclosed in a liquid 
Mroces batt: Then the vacuum gauge (G) was turned off and 
the CO to CO, conversion unit discharge was engaged once 
more. This sparking time was extended considerably if the 
pressure in the system had risen even slightly after the 
transfer, thereby converting any final traces of carbon mono- 
xide to carbon dioxide. This was easily noted by recording the 
vacuum head pressure before and after the evolution and 
subsequent discharge. Now that the reduction to gaseous 
carbon dioxide was complete, the conversion system 
(i.e. the monitor combustion tube, the vacuum gauge, 
and the CO - CO, conversion unit) was evacuated to less than 
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sulphate was hence ready for volumetric calibration and its 
subsequent extraction from the reduction line. 

It should be noted that after three hours at 
1000°C, about 12 per cent of the C0. produced would have been 
reduced to CQ. Such a reduction would have occurred at the 
hot crucible containing unreacted excess graphite. This was 
avoided since the CO, traps (N), partially immersed in liquid 
nitrogen, forced the C0, to condense as soon as it was formed. 
(For sulphur isotope studies, the recovery of sulphur as BaS 
was unaltered if there was any CO present. But it was vital 
that all of the sulphate oxygen be recovered as CO.; ite tne 


equation 


BaS0, AMS tae oY Uae ea mer ONO, 


was to be used for the study of oxygen isotopes in sulphate.) 
With the conversion system at 0.001 Torr and the C0, 
frozen in liquid nitrogen trap about the discharge chamber, an- 
other dewar of liquid nitrogen was placed around the calibra- 
tion volume (V). Then the CO. gas, produced from the graphite 
reduction of sulphate, was allowed to expand into the calibra- 
tion colume after closing stopcock K and opening stopcock R. 
On removal of the cold trap around the conversion unit, the gas 
evolved into the calibration volume where it was immediately 
condensed. After the transferral was complete, stopcock R was 


closed and this cold trap also removed so that the C0, could 


ve 


29} Bas horrerd? tes stsmTOY IO UbRee oondit | 
‘ontt nobgsubey oMe mow? norioetee 

Se 24u0t oats Voste Pen? ‘beton. ad bfuote’s 

nseod aver bivow Ssavbord ef ai Yo gras tq Sf 
day #6 baviwaso svaw bfoow duoliseber o fsa2 | 
daw ztdt .otbdapyp e2eoxe badoosety gn tnresao: t 8 
biuprhr at betvommt “flettvem , (4) eqene 23 ond” r 
‘Demvo? 26 J! 26 Nooz 2a a2¢nebtoo oF 20U ody 
268 ea idolwe To VrseogRey an? , essere sqosoet'* 
[sttv 2aw ot 208 itneketeg 0D Yak oom oes oF 


of Ti 1g 25 batayoosy ad nAgNxa Si ariqhiia aft 


P08 +068 oe OB. AOR ee 


(,adedqliue wt 24qutner ospgno tO Mbute ane Fer? 
09 sf} bos v1OT 100.0 6 medaye Moteiaudo® ody ar “ 
~#6 ,4edineds aptsds2th sit tudds W6"3 vopovstw bteprt A 
-stdifea sit bers bogery 2aw: neporrd in btoprt 14 at 
Srtigexe oid mon? bsowhotg .26p .0) ond aedT (Vy e 
=s7d0TS3 Sit OFNF bisINS OF bAWwOTTS saw statghur to 

A aon gote Bn nsyo bis » Ayodgota. patedta . | 
aoe and rracs Aoterovnos og. bauer dent Shoo oft vo 
| apn ad ¢? snodw omuPov wot ierdtisa, wit: a 

032 ,ofefqno> enw Teristeniit ai W8aTA ba 


When. a, ial oe bewoinsh oats. qed dion 2has 


i 


a 
7 ee: 
7 Pea, i . melt . a addi hae 9A bi 7 


a 7 a, ‘oe oo ie if | 
: i : y a! is ; ia, & i 2 7 aa TD ou! 
TF) Sy! > See Tana Ss gt we) 


36 


then expand, thus allowing a calibration of the volume of 
gas evolved. This manometer reading gave a preliminary 
check on the completeness of the reduction. A liquid nitro- 
gen flask was placed under a breakseal before the gas was 
transferred to the breakseal line by the opening of stop- 
cock K. Once the product of the reduction was frozen down 
in the breakseal (B), stopcock K was closed as a precaution, 
since small leaks could develop from removal of the 
breakseal. The breakseal was subsequently removed. The 
volumetric and breakseal sections were now evacuated and 

the breakseal line checked, to ensure that no leaks had 
developed from careless removal or some weakness in the 
glass after its removal. Once completely sure of no leaks, 
the stopcock K was opened and the pressure recorded to en- 
Sure as perfect a vacuum as possible. The other two samples 
were then run in exactly the same manner. 

After the removal of each CO, sample, the tempera- 
ture of the furnace was noted. Usually after the extraction 
of the three specimens, the furnace was cool enough to pre- 
vent any partial reduction of newly introduced samples. Thus 
the combustion tubes were opened to the atmosphere gently 
through stopcocks 0 and S, after all three specimens were 
extracted. Once these chambers were at atmospheric pressure, 


the three groundglass caps (C) were removed and the plati- 
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num boats were then extracted. Careful removal of these 
boats was essential since it was necessary to reweigh them 
to obtain another estimate of the completeness of the reac- 
tion.. This estimate, however, is only valid if most of the 
product of the reaction was CO, s but does give a good indi- 
cation of the percentage CO initially in the quartz combus- 
tion tubes. That is, it can give the percentage of CO pro- 
duced from the reduction of sulphate by graphite. When the 
reduced specimens were removed, new samples were then intro- 
duced as previously mentioned. If the contents of the old 
platinum boats, that is, the BaS, was to be examined for its 
sulphur isotope ratios, then the residue from the boats was 
leached she8 warm water and filtered into AGNO,, so that the 


resulting silver sulphide could be burned. 


2.4. Standards, Correction Factors, and Reproducibility 


SILVERMAN (1951) defined the zero of his isotopic 
scale to be oxygen from a single sample of sea water, "“Hawai- 
ian sea water No. RT6". In the published data of CLAYTON and 
EPSTEIN (1958) and TAYLOR and EPSTEIN (1962), the standard 
was defined to be the oxygen with an 0'°/0'*® ratio equal to 
0.98473 Ro where be wasethe®0!*70) *¥ratto*in*=SILVERMAN®S 
(1951) sample of Potsdam sandstone. If any of the analytical 


procedures introduce systematic errors into the measured values, 
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then normalization to a quartz standard should make the re- 
sults of different analytical methods agree on the quartz 
samples. This is however not necessarily true of other 
minerals and rocks. 

The oxygen of mean ocean water is a logical stan- 
dard for the reporting of oxygen isotope variations in natur- 
al materials, including meteoric waters, rocks, and minerals. 
Such a standard has been proposed by CRAIG (1961) for natur- 
al waters and by CLAYTON and CRAIG (1962) for rocks and min- 
erals. A “standard mean ocean water", that is SMOW, was de- 


fined to have a 
038/016 (SMoW) = 1.008 028/02 (NBS - 1), 


where NBS - 1 is a water sample distributed by the National 
Bureau of Standards. This defines an ocean water standard in 
terms of materials readily available to everyone, rather 
than in terms of the limited quantity of a particular sample 
of Potsdam sandstone. 

All the oxygen isotope abundance measurements are 
expressed in parts per thousand with respect to SMOW ("stan- 
dard mean ocean water") as defined by CRAIG (1961). The usual 
terminology is used, where 6 ("del") is the deviation in parts 
per thousand (°/00) of the 03°/0!° ratio from that of the 
standard. That is, the per mil isotopic ratio enrichment in 


a sample, relative to the standard, can be expressed as 


at 
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(028/016 


sd 18 16 
mg (° 700). = sample i std? , 1000 
18 16 ] 
Oh ai ee 
18 16 
- amie sample _ ‘oe 1000 
OF27.078 ] 
std 


CRAIG (1961) introduced the more practical SMOW standard in 
terms of the PDB standard, where SMOW was defined as 


6 gies = 1.0409 6 0?8 40.92 °/oo 


sample sample 


wrt SMOW wrt PDB 


me PDB scale-referred to the 0'°/0'* ratio in the CO, gas 
evolved from the reaction of HPO, with PDB carbonate. This 
Chicago standard for CO, was produced from PDB calcium 
carbonate by reaction with 100 per cent HPO, ate aCe 
(The PDB was a Cretaceous belemnite, from the Peedee forma- 
tion of South Carolina.) 

CRAIG (1957) derived correction factors applicable 
in the conversion of ion abundance ratio differences to the 
Snecific isotope ratio, differences. These.cornection factors. 


for the mass spectrometric analysis of CO,; arise because for 


the analysis of oxygen we measure the mass - 46 beam versus 
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the combined mass - 44 plus mass - 45 beam. Hence the ratio 


in terms of .the isotopic molecules is: 


c1291&Qg18 + C1391&Q!7 af C12917917 
¢!2936o916 rh c!39'&g16 rs C2401 Q!7 


whereas the desired ratio, assuming the distribution to be 


Derely a statistical one, is: 


c1291&9!8 + C1391&9!8 c12916918 
C129138916 + ci3Qg2 Fol - C1291&g!6 


As a result, the measured isotopic ratio for oxygen must be 
corrected for the other isotopic species. The correction 


must be such that 


Seg ers TEGOLa Ss Ore = FO 00T 6 6 


which is the correction factor used for oxygen analysis made 
against the PDB standard. Thus, about 1 per cent of the 6 C’* 
difference enters into the oxygen correction factor. 

Using CRAIG'S (1957) correction factor as well as 
CRAIG'S (1961) "standard mean ocean water" (SMOW) reference, 
the isotopic reproducibility was examined for the reduction of 
sulphate by graphite, yielding CO, as the final gaseous product. 


The volume of oxygen that was recovered as CO, was always 


a te fgsi9 : y ‘9? et | 
@ ty ras 3 vigitty t ee} p 


od s2um nseyxo Yo? otvey ostqetodt betu289m ote ue 
gottaayioo att .eetosee vigaiest isfdo fi na bo ' 


ey 4800.0 - 9 f0-% EOD At 


“ 


ohem 2heyfews depyxo Yo? byvy Yatoet nersseriey 6 
13.8 ant Yo basa Weg | Joods , 2uiT .brebeade” 
-vod987 nots 99709 napvne st osat rites ; 

‘te 11 Sie-28 aed96h nattsavo0 (veer) 2*9UNAy galtay ih) 
seanenatey, (HOA): "Ys tew nao wide area 3 
Bie reeg od sof bonimoxs) 2am xy! fet ouborige 

; 4q) 2VoRe =f Fonte aad” a6 OF aniblaiy 
sal id 28 bevevioat aw dont mi 


u* 
_ i; On we Yee? ‘ ! > 


i rd hy aon bay a 7 J ; : Ot met | 


Pe at 7 ay : My st vo: : 
ee Re th _ oa eee im, 0 ace a 


4] 


greater than 94 per cent of the theoretical value, hence 
BaS0, was considered to be quantitatively reduced. Any CO 
formed in the reduction process was completely converted to 
CO, ; this was acertained by the volumetric check on reaction 
completeness. 

It was then necessary to check the isotopic repro- 
ducibility. A sample of sea water sulphate was selected for 
the reproducibility tests. These results yielded an average 
§ 01% value of +9.38 °/oo with respect to SMOW (Table 2-2). 
The precision during a mass spectrometric analysis was 
Eypically + .0.05 O00. while the reproducibility over prepar- 
ations of the same specimen was + 0.12 ° 700 (the standard 
deviation). The preparation and reduction reproducibility 
were better than the + 0.18 °/oo achieved by RAFTER and 
MIZUTANI (1967a). Thus the techniques employed in the present 
investigation were considered to be satisfactory for studies 


of oxygen isotope abundance variations in sulphate. 


2.5 Investigations on the Graphite Reduction of Sulphate 


The graphite reduction of sulphate was considered 
quantitative and reproducible when the procedures previously 
outlined were employed. Other workers also achieved rea- 
sonable reproducibility but with a wide variety of tech- 


niques. These investigators seemed to have their own biases 
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Table 2-2 Oxygen isotopic composition 
of sea water sulphate 


a Deviation 
Weight CO, Volume S00. (SO,) From 
Specimen of BaSO, (cc at NTP) (°/00) wrt + 9,38 AVG. 
Number (mg) Theo. Exp. SMOW (°/o00) 
40S 2000 ao LOR 2h eZ Oo .Oeit wus -0.22 
40S 2001 44 8.86) 8.3 G°si O09 -0.04 
NOS 2003 67 ie aon (hes 9243) 2° 0207 0.05 
NOS 2004 64 Lo 2-1 Ok 9A 2ert 0 2.07 0.04 
NOS 2007 66 he OF hee OS33 27072 0.0 
NOS 2008 49 9.4 oe5 9:3 Tere0203 -0.07 
NOS 2009 56 L027 abe 9538. 4208.01 0.0 
10S 2011 51 Gaye tot G 9.46 + 0.06 0.08 
NOS 2012 gr. 8.2 aseges | OT ht ORs O21 
NOS 2013 38 -.2 6.9 962/4.+ O805 -0.11 
NOS 2015 57 10.9 al Oe] 04532+ 0206 OFS 
NOS 2017 49 . 9.4 a 0 GO. Oe er Ur 0S 0.14 
NOS 2018 70 too4e = ter peso os ee at Oi 6! Oe n5 
40S 2020 .» 44 8.4 Sez G9539 280.05 0.01 
NOS 2021 , is iS aed SO 9.46 + 0.02 0.08 
9.38 0.05% £0.12 «x 


Mean 6 0'® = 9,38°/00 

* Mean of measurement errors = + 0.05 °/o00 

** Overall deviation (preparation reproducibility 
and mass spectrometric error) = + 0.12 °/oo 
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as to thebchoice of crucibles, CO-CO0, conversion units, and 
C/S ratios. There appeared to be no logical basis for these 
choices. 

For the present investigation it was considered 
worthwhile to study the effects of varying the C/S ratio, 


Raat 1S, the ratio of the amount of graphite C(mg) to-that 


of sulphate S (Bas0, in mg) 
~C€ _ mg of graphite before mixing 
5 mg of BaS0, before mixing . 


since similar studies used markedly different graphite to 
sulphate ratios (section 2.1). The 15 samples used for the 
Peproducibility study (Table, 2-2) all, had a C/Scratio of 
about 1.0, as suggested by RAFTER (1967). On the other hand, 
nine specimens not listed in Table 2-2 had radically dif- 
ferent oxygen isotope compositions. In these samples, the 
C/S ratio was varied from 0.64 to 3.25. The oxygen iso- 
topic abundance ratios of these variant nine sea water sul- 
phate samples are summarized in Table 2-3 and Figure 2.2. 
Since all other variables remained constant, the data of 
Figure 2-2 seemed to imply that the Cy S™ratrornaa- des tan iri- 
cant effect upon the isotopic composition of the CO. 


produced by the reduction of sulphate. 
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Table 2-3 Oxygen isotope composition of nine 
Variant sea water sulphates 


Weight 6-105 (SO, ) Dev From 

Specimen BaS0, C/S (°/o0) wrt +9537 

Number (mg) Ratio aM one (°/o0) 
WOS - 2002 56 1.00 T0205 0.07 1.48 
WOS - 2005 70 Poe 10.89 0.07 Aree 
WOS - 2006 49 1.00 10:94 0.09 1.54 
WOS - 2010 Ti 0.64 8.79 0.08 -0.58 
WOS - 2014 — oe 1.54 10.82 0.03 1.45 
WOS - 2016 43 1.96 Liss 0.07 2316 
WOS = 2019 28 B ie 5 PO302 0.08 0.65 
WOS - 2022 44 205 9.96 0.03 0 559 
WOS - 2023 S2 1.09 10.60 0.07 Tues 
(NOTE: Samples WOS - 2002, 2005, and 2006 were only evolved 


carbon dioxide. The carbon monoxide produced in 
these cases was pumped away to permit a determination 


of the isotopic composition of the CO, product omy.) 
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with graphite. It should be noted that three results were 
not anomalous, since after the CO, condensed in the cold 
traps, the CO product formed at the end of the reduction 

Was pumped away. These three samples, WOS - 2002, WOS - 2005, 
mreenOsS ="2006; "all *had’a C€/S*ratio-of ‘about 1.6; *These 
three specimens, used to obtain the oxygen isotope abun- 
dance ratio of the evolved C0,; neglected the CO which 
formed simultaneously. The & 0!° value of the CO, produced 
was Edhar than expected, which means that the CO was en- 
riched in the lighter isotope relative to the CO,. It was 
only when the CO was sparked and converted into C0. that the 
lower value of about +9.38 ° 700 was reached. It should be 
noted that the collected CO. in these three cases was 
heavier by about 1.5 S700 (the CO consequently 1.5 ° 700 
lighter). With approximately 94 per cent recovery, sparking 


would have left the remaining unreacted CO heavier by about 
oy Neal beset oss ae 2355 foo 
6 


Thus three of the variant nine samples were pro- 
cessed so as to obtain the oxygen isotope abundance ratio 
of only the CO, produced, ignoring any contribution from 
the CO evolved. The remaining six were not in any manner 
designed to be anomalous or at variance with the aims of the 


reproducibility study. Hence a closer look at these six was 


mandatory. 
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Any explanation for such widely varying isotopic 
abundance ratios of the sea water sulphate samples must 
consider the relative proportions of carbon and sulphate 
mixed prior to the reduction process. The C/S ratio was 
usually kept about 1.0 only as a result of RAFTER's (1967) 
implication. This relative proportion was in fact stochio- 
metrically more than sufficient, since the reaction 


BaS0, SRLGr ye) Cibo S. Fae 


required only the ratio described in the above equation. In 


such a case the C/S ratio stochiometrically necessary was 


simply 
2C x “es aah) Me ee EF ND 
BaSO, 137 - 96 233 


That is, stochiometrically the reaction should have proceeded 
to completion if there was approximately one part graphite 
for every ten parts BaS0, (by,.wei ght) ie Any 50) Serato 

greater than 0.1 completely satisfied the stochiometric 
requirements. The question then arose, why were variations 
of the C/S ratio causing the observed discrepancies in the 
oxygen isotope abundance ratios, considering the fact that 
this was about 10 times the stochiometric ratio required? 


Also, was this then a reaction where stochiometry was ap- 


plicable? 
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Before making hasty conclusions concerning the re- 
quirements of the primary product of the reduction, it was 
necessary to also consider the second gaseous product of 


this reduction. Most probably the CO formed such that 


BaS0, Poe Ce Basu AC) 


In this case the C/S ratio would be about 0.20. For some 
combination of the two reactions, which was the observed 
result for such a reduction of sulphate by graphite, then 
the reaction could have been of the form 


BaS0, + 480 eet BaSyet 200 et CO, , 


balanced for primarily CO evolution. In the present 
study, the relative amounts of gaseous product were in 
the order of about 15 per cent CO and about 85 per 


cent CO This reaction was approximately 


2s 


13BaS0, + 2 BC ele VOB OS tan COs 24C0, 


Stochiometrically, the C/S ratio would be only 0.07. That 
TS; 


80 420 igs weal pany eee 
13BaS0, - 19(BaS0,) 1 (0.10) P 
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The requirements were relatively unchanged from the pre- 
vious estimate in which the gaseous final product was just 
carbon dioxide. 

Thus, stochiometric considerations and the known 
products of the reduction did notseem to explain theexperimental 
isotopic ratio differences. The only conclusion left, was 
that the reaction proceeded to near completion (that is, 
greater than 94 per cent reaction) without doing so 
stochiometrically. This implied some form of mechanical 
parameters, such as a dependence upon the availability of 
nearby atoms of graphite. This involved physical contact 
availability, since the mixing was only a mechanical process, 
and definitely not a chemical procedure. Here the reduc- 
tion could have possibly been controlled by the presence or 
absence of contact carbon atoms which would permit the 
removal of oxygen atoms from barium sulphate. Neither 
pellets nor compression of the sulphate and carbon sample, 
to increase the physical availability of graphite, were 
investigated. Such procedures would have ensured good 
physical contact and most probably would have decreased the 
C/S ratio required to cause a quantitative reduction. Hence 
compression of the graphite and sulphate after mixing, and 
the degree of compression, could have altered the C/S ratio 


necessary to cause the observed variations in the oxygen 
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abundance ratios. 

If mechanical mixing caused the discrepancies 
recorded in Table 2-3, then an excess of contact graphite 
was expected to increase the amount of CO formed relative 
to the C0, gaseous product. This interpretation was based 
om tne C/S ratios caleulated,to.yield eithersa total CO or 
C0. hima product,. A’ C/S ratio of 0.10 was: found to be 
stochiometrically sufficient for a CO, finalaoroduct, 
whereas a ratio of 0.20 was required for CO to be the final 
product. Thus stochiometrically, more graphite was required 
to produce a final product of CO than C0,. Although the 
reduction did not proceed in a totally stochiometric fashion, 
the C/S ratio implications were believed applicable for the 
mechanical mixing of graphite and sulphate. In other words, 
the graphite reduction of sulphate was both mechanical and 
stochiometric in nature, with possibly physical contact the 
most dominant factor. As such, graphite excesses were ex- 
pected to yield greater quantities of CO. This was confirmed 
by observation of the sparking time as well as by evaluation 
of the per cent CO product. This per cent CO formation was 
calculated using the known weight of the platinum boat and 
its contents after the reaction had gone to completion. For 


example, 
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Sample WOS - 2010 boat plus lid = 1393.2 mg 

BaS0, = Lie Varng 

G = 48.5 mg 

CAS = 0.65 

total weight before = 151878" “mg 

after reduction = 1489.5 mg 

2 reactants = 29.5) 9G 
available oxygen for reduction = 77.1 mg (Sa) = 21.16 ing 


carbon stochiometrically required = 21.16 mg (a4) = 7.94 mg 


stochiometric reactants = 29.10 mg 


The measured reactants weighed 29.5 mg while the stochio- 
metric requirements were only 29.1 mg. Hence 0.4 mg of 
extra carbon was used. Since the total graphite used was 


8.34 mg, then the 
CO per cent production = (8.34 (100 o) = &. 83% 
Therefore per cent CO formed was about 5%. 


With an excess of graphite available for the re- 
duction of sulphate, a marked increase in CO production was 
observed (Table 2-4). If a C/S ratio of about 1.0 was em- 
ployed, the per cent CO was normally in the order of 15 per 


cent whereas the CO, production was about 85 per cent of the 


en S.ERET = ott auty teed ee 


oe tw = sd2a8 x amy, fe 

on @.a% = 9 . oie 
7 ee | ee. 

om &,8faT + xored thotew bareg 

oy @. 26a, = sofdantes vans 

gn eves ttagizas . 


ow Of .7S = (wpe) bin £.8% = aehtsuber v9? 
gn Pe.N Ss () Gm 31.78 = bervtupes ghfsote? 


pm OF.@S = 2tnehoeey sstsmerAseie 


-Olnoole, ols, ofidw on 2.25 betetew efastagad) ben 
to om 8.0 aang! om reg urine sto". ; | 
2sw be2y ostiqacve [step ait sante  vbeew gaw a 
x) eet 


% ONS Pry 


Pein = (fF oor) ee ; risoahong teen) 


, 2 2 sWeda enw vamre? O02 3ne. 19q . : . od , 
| +3" oat = aldst tive a higare ¥o ee99Ke ae a 
266 no fs oubo%e 0D Ai ez69%5Nt beara fi ae 
| 09, ew 0: f Yuode to otfss 2\3 0 41 pee tdsT) 


aq at to vab10 adt ot vflsmon 26w 02 tna2 vat 


7 


om eee 199 28 fuods! 26H i nctapeaghs wats 


52 


Table 2-4 Per cent CO production for sea 
water sulphates reduced with graphite 


Specimen Ci S Dev. From Per Cent Per Cent 
Number Ratio +9, 38 ° 700 Pro: Reaction 
WOS - 2010 0.64 20.59 5 94 
WOS - 2000 0.91 -0.22 8 97 
WOS - 2001 1200 -0.04 13 99 
WOS - 2003 1.00 Or0d 9 96 
WOS - 2004 1.00 0.04 12 99 
WOS - 2007 1.00 0.0 21 99 
WOS - 2008 G00 -0.0/7 14 101 
WOS - 2009 1.00 0.0 2 99 
WOS - 2011 1.08 0.08 16 99 
WOS - 2012 i200 -0.21 10 101 
WOS - 2013 00 -0.11 15 96 
WOS - 2015 TO 0.15 23 98 
WOS - 2017 £700 0.14 10 96 
WOS - 2018 1203 O25 19 95 
WOS - 2020 Fs03 0.01 15 98 
WOS - 2021 i bel aks 0.08 29 95 
WOS - 2022 1.05 0.58 27 97 
WOS - 2023 ree ae] eae 49 95 
WOS - 2014 1.54 1.44. 42 95 
WOS - 2016 1.96 raped le 46 94 
WOS - 2019 325 0.64 63 94 
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final gaseous product. However, when C/S ratios removed 
from 1.0 were employed, the relative amounts of CO and CO. 
were much different. The effects of varying the C/S ratio 
can be seen more clearly when the data of Table 2-4 is 
plotted as in Figures 2-2 and 2-3. Generally there was an 
increase in 6 0** and per cent CO production with increasing 
C/S ratios (Figures 2-2 and 2-3 respectively). These 
observations were somewhat dependent upon the per cent re- 
action obtained during the reduction process (Figure 2-4), 
when C/S ratios other than 1.0 were employed. 

It was demonstrated that if the C/S ratio was 
greater than 1.0, more than 15 per cent of the gaseous 
product was CO, with increasing amounts of CO as the C/S 
ratio rose. Since more CO was present, more COCO, con- 
version was required. It was observed that since lengthy 
conversions often yielded results which were not quanti- 
tative. The variant samples all had relatively low yields 
(about 94 per cent reaction), and generally large amounts of 
CO were formed. Although the reductions were quantitative, 
tye 02°70" * isotopic ratios. did reflect the CO abundance 
caused by the larger C/S ratios investigated in this study. 

More reductions were carried out at C/S ratios 
less than 1.0, but the majority were not quantitative. GEE 


should be noted that no other investigation ever employed 
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a C/S ratio less than unity.) A deficiency of contact 
graphite atoms was believed to be an explanation for the 
poor yields. Incorporation of further mixing while the 
reaction proceeded, or compression of the graphite and 
sulphate sample before the reduction process, would proba- 
bly have reduced the numerical value of the optimum C/S 
mat10, DUt hot the variations in CO formation. 

RAFTER (1967) stated that the graphite reduction 
of sulphate occurred within the temperature range 900 to 
1050°C, and observed that graphite reduction was measurable 
at 960°C. Longinelli (private communication) found that 


50 per cent of his CO, had been produced at 900°C. Therefore 


2 
it was concluded that the reduction of sulphate by carbon 

was well under way by about 900°C. In such a reduction where 
CO evolution has been shown to be of utmost importance, it 

was decided to monitor the CO formation as a function of the 
reduction temperature. 

The vacuum gauge used throughout the reduction 
process, was employed to measure pressure variations as the 
reaction proceeded, As the reduction began, the decrease in 
pressure was in reality a measure of gas evolution during 
the reduction of the sulphate. The evolved gas was con- 
sidered to be totally CO, since any CO, formed was immediately 


condensed as soon as it was produced. Therefore the vacuum 
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readings evaluated the qualitative amounts of CO formed. 

In those cases where the C/S ratio was such that 
there was not sufficient contact graphite to ensure that 
each BaS0, molecule was totally stripped of its oxygen atoms, 
the possibility of other gas evolutions should not be ig- 
mered.' In addition to CO and C0. formation, undesirable 
products such as 50, and some CSO derivatives may have been 
present. these were for the most part trace products, since 
the reactions presented (Table 2-4) were all quantitative. 
Although these undesirable gases were most probably present, 
they were ignored when considering the recorded pressure 
readings as evidence of CO formation. 

The production of CO was monitored as the reduc- 
tion temperature rose, for varying C/S ratios. The quality 
of this data was limited by the vacuum gauge utilized. The 
results are shown in Figure 2-5. It was felt that the C/S 
ratio should dictate the production rate of CO. Figure 2-5 
suggested that below 960°C, the C/S ratio did not influence 
the CO production rate since the curves are similar for 5 
different G/S ratios varying from 0.63 /to/ 1.86% hwhe BaS0, 
reduction, as noted by RAFTER (1967), was well under way by 
about 960°C. Behavior above this temperature was difficult 
to monitor because of the large amounts of CO evolved, and 


the inaccuracy of the meter in this pressure range. It does 
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follow, that most of the CO production occurred above 960°C. 

It should be noted that the samples with a C/S 
ratio greater than the experimental optimum of 1.0 always 
indicated more CO present than the others. This was seen to 
be true from the very beginning of the reductions in Figure 
2-5. Even at lower temperatures, where appreciable CO for- 
mation was not in evidence, the relative amounts of gas 
evolution suggested a trend towards more CO when there were 
excesses graphite available. With a deficiency of optimum 
contact graphite, production of the undesirable gaseous 
forms may be an interpretation for the higher pressures 
Bererded in’ thesé’ Cases! “1t was*also concluded*that~out- 
gassing and drying temperatures for the sample must not 
exceed 500°C. Here a distinct evolution of CO was present, 
Such a temperature was never used, nor recommended, es- 
pecially if excesses of graphite were more than about 8 or 
9 times the stochiometric demand. 

The relative amounts of CO and CO, evolved, were 
not as constant as expected. RAFTER's (1967) study found 
CO-CO., mixtures to contain about 75 per cent C0, and 16 per 
cent CO. His study, as previously mentioned, utilized 
platinum boats and lids. LONGINELLI and CRAIG (1967) found 
their mixtures to vary from about 98 per cent CO.; with a 


new crucible, down to 80 per cent CO. after about 10 reac- 
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tions with their graphite containers. The mixture of the 
present study usually was in the order of 85 per cent CO, 
with about 15 per cent CO when the C/S was optimized. With 
the lower C/S ratios, about 90 per cent of the gaseous pro- 
duct was CO,; whereas, the higher C/S ratios yielded only 
about 55 per cent C0.. 

Further mixing of the carbon and sulphate was an 
impossibility. Compression of the sample could have, as 
earlier noted, permitted a much reduced C/S ratio, and hence 
less CO ee tions LLOYD (1968) ground his sulphate sample 
with a tenfold excess of graphite, forming the mixture into 
a pellet (no information was given on the degree of com- 
pression used). From the results of the present study, it 
was concluded that the most quantitative and reproducible 
results can only be obtained by sample compression, C/S 
ratio optimization, and platinum containers. 

Lt is. .cdear. that by working with va C/S sratio of 
about 1.0, very good reproducibility was obtained as pre- 
viously found by RAFTER (1967). It may be that if many 
samples had been run at another C/S ratio, the reproduci- 
bility would have been acceptable - although the 6 Fs 
value may have been different. No doubt further work could 
have elucidated this phenomenon. It was decided to pursue 


microbiological isotope fractionation studies using a C/S 
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ratio of 1.0. This choice was based on the reproducibility 
obtained with this ratio, and a desire not to deviate 
Significantly from conditions utilized in other laboratories. 
It is interesting to note that during the present 
study, SAKAI and KROUSE (1971) looked at various aspects of 
the BaS0, reduction. They found that during the conversion 


of 260 *to.C0 CO'® reacted about 1.02 times faster than CO!®, 


99 
(This is in agreement with the data of the present study 
where the CO formed was pumped away.) 

SAKAI and KROUSE (1971) investigated the graphite 
reduction of sulphate in an attempt to explain why sulphates 
of widely varying oxygen isotopic compositions were not 
reproducible. When such samples were analyzed, the isotopic 
precision deteriorated to greater than + 0.5 "700, 
despite satisfactory yields. The possibility of memory 
effects was investigated. The repeated conversion of samples 
from the same BaS0, source, where BaSO, with significantly 
differing 6 0'® values had been previously processed, resul- 
ted in a very large memory phenomena. With an externally 
heated quartz tube, these effects were recorded in the order 
ofr 2.5 Log Also a tube displaying signs of devitrifica- 
tion after prolonged usage produced larger memory phenomena 
than relatively new quartz tubes. In fact even new tubes 


displayed some memory effect, but this was logically related 


to its process of manufacture. 
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A possible explanation of this memory phenomena 
was that pure adsorption had occurred, the product gases 
being retained by the quartz walls. As pointed out by 
SAKAI and KROUSE (1971), this was not possible since the 
yields were consistently greater than 95 per cent. They 
concluded rather that an exchange had occurred, since the 
reductions were quantitative. Such an exchange of oxygen 
atoms was suggested between the hot quartz walls and the 
gaseous products. It was further noted that NORTHRUP and 
CLAYTON (1965) reported oxygen isotope exchange between CO, 
and glass at temperatures above 250°C. However any CO. 
present should not have been a participant in such an ex- 
change phenomena, because during the reduction of sulphate, 
it was condensed as soon as it was formed. Any CO, however, 
would have remained in the gaseous phase until converted by 
the high voltage discharge, thus having a much better 
Opportunity to exchange oxygen isotopes with the hot quartz 
walls. (Such a phenomenon would have been much more pro- 
nounced, had there been larger percentage yields of carbon 
monoxide. ) 

Furthermore SAKAI and KROUSE (1971) noted the 
relative importance of CO formation. The amount of CO which 
remains at the end of the heating cycle, they stated, was 


just a fraction of the CO actually produced during the 
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earlier stages of the reaction. This was based on six 
experiments, where it was found that the CO collected during 
the reduction process corresponded to as much as 50 per cent 
of the total oxygen present. Thus in certain stages of the 
conversion, sufficient CO was available to have participa- 
ted in the oxygen exchange with the hot quartz walls, there- 
by producing the noted memory effect. 

Such excessive amounts of CO evolved were most 
probably due to an excessive C/S ratio. That is, there was 
clearly an excessive amount of graphite present otherwise 
there would not have been such a large amount of CO formed. 
No compression technique was employed in their study. 
However the CO formed must have been subsequently oxidized 
to C0. since the actual and the theoretical yields were 
consistent. 

; This memory effect was not applicable to the 
present reproducibility study, since the BaS0, Samples used 
were obtained from the same barrel of sea water. When 
Sulphate was used with varying oxygen isotope compositions, 
inconsistencies were noted and any such samples were re- 
peatedly reduced until the isotopic reproducibility was con- 
sidered satisfactory. This was done by successively con- 
verting a given sample in the same quartz until the 6 07° 


values were consistent with the desired reproducibility. 
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Normally, two reductions, in succession in the same quartz 
tube, were carried out for each isotopic determination. 

Although duplication of analyses should always be 
an integral part of the isotope abundance ratio determina- 
tions, often in cases where the material is rare, only one 
measurement is possible. To avoid the memory phenomenon, 
the best solution is to eliminate the memory effect complete- 
ly. In the present study, such a policy was not available. 
SAKAI and KROUSE (1971) reduced this memory effect by utili- 
zing the electrical discharge unit throughout the reduction. 
This permitted the continual removal of CO as the reduction 
proceeded (this was done as routine procedure in the present 
study). Although they noted a reduction in the memory 
phenomena, it was not entirely removed by such a continuous 
CO conversion. The only solution lay in a more efficient 


CO-C0O, conversion unit. LLOYD (1967) and LONGINELLI and 


: 
CRAIG (1967) used induction heating, which was a possible 
solution. SAKAI and KROUSE (1971) preferred to use an 
internally heated apparatus for the carbon reduction, but 
decided to cool the quartz tube walls, thus minimizing the 
oxygen exchange. A platinum boat was made to be the location 
of highest resistance in an electrical circuit, thus avoiding 


external heating. The quartz walls were retained, but became 


the inner part of a water jacket around the platinum boat. 
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Thus the quartz walls were kept cool by the water jacket, and 
eliminated any possibility of oxygen isotope exchange between 
the CO evolved and the quartz tube. Their apparatus even 
showed no signs of memory effects when samples differing in 

§ 018 values by over 22 °/oo were analyzed. The present 
study did not have the advantage of such an apparatus, con- 
sequently when varying isotopic composition samples were run, 
they were done successively in the same quartz combustion 
tube. Duplication showed up the memory effect, but such 
widely varying specimens were not a part of the present 


investigation. 


2.6 Summary 


1. A method has been developed by RAFTER (1967) for 
the recovery of oxygen from sulphate for the study of oxygen 
isotope variations in sulphates. 

2.. The. reproducibility of this method.is at.present 
0.1 parts,~per-Milsa.when,the.C/Sarationisyoptamized. Further 
Optimization might be obtained by; (a) compression of the sul- 
phate and graphite sample into a pellet before the reduction, 
(b) mixing during the reduction process, and (c) the use of 
platinum boats and lids. 


3. This method permits both sulphur and oxygen 


isotope abundance variations in sulphate on the same sulphate 


specimen. 
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4. The graphite to barium sulphate ratio, by 
weight, does affect the carbon monoxide percentage evolution. 
The 6 0** values generally increased with an increasing C/S 
Herto, as did the.CO production. 

9. The carbon monoxide formed must be completely 
Converted to carbon dioxide, since it contains a significant 
portion of the oxygen atoms from the sulphate. 

6. Excess graphite was considered necessary for 
the complete reduction of sulphate. Physical contact might 
dictate the percentage reaction as well as the relative 
amount of carbon monoxide formed. 

7. Graphite boats produce variable amounts of 
carbon monoxide gas, depending upon the age of the containers. 
Any inherent errors may easily be avoided by the employment 
of platinum for the container metal. 

8. Outgassing and drying temperatures for the 
sulphate specimen must not exceed 500°C.) At suchua tempera- 
ture, distinct carbon monoxide evolution will occur. 

9. Carbon dioxide gaseous product is formed below 
900°C, whereas carbon monoxide evolution does not occur until 
about 960°C. 

| 10. Memory effects, due to an exchange phenomenon 
between CO and the quartz walls, can be successfully elimina- 


ted by employing a water jacket as outlined by SAKAI and 


RROUSE (1971). 
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11. It may be that differing C/S ratios will yield 
reproducible and quantitative results, although the §&§ g!8 


value may be somewhat different. 
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CHAPTER ITI MASS SPECTROMETRY 


Ser introduction 


With the development of a reproducible and relia- 
ble method for the extraction of oxygen atoms from sulphate 
for precise isotopic analysis, it became necessary to scruti- 
nize the mass spectrometric precision encountered during 
routine stable isotope measurements. 

Once the isotopic reproducibility during the reduc- 
tion of sulphate by graphite reached about + 0.12 ©7003 ries 
was realized that the precision of the isotopic measurements 
was typically of the same magnitude Csr0au ee reted Any im- 
provement in the sample preparation reproducibility would have 
been futile with a mass spectrometric accuracy less than that 
of the chemical techniques. A possible remedy was concluded 
to be the recording and evaluation of more mass spectrometric 
isotopic ratios. Such a solution required more time and labor 
since a greater number of measurements had to be evaluated. 

In addition, the routine fluctuations of the source region and 
the gas pressure would have caused greater variability with- 
in a particular analysis if lengthier analyses were performed. 

These problems were partially overcome by replacing 
the original Hewlett-Packard voltmeter and voltage to frequency 


converter by a Fluke Digital Voltmeter. The digitizing interval 
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for the Fluke equipment was 18 m sec compared to 1 sec 
with the Hewlett-Packard integrating voltmeter. With this 
faster response time, it was decided to couple the Fluke 
Digital Voltmeter with a computer that could handle large 
amounts of data in a very short time. This combination was 
believed to yield a slight increase in the mass spectro- 
metric precision, typically to + 0.05 C60" as well as 
greatly increasing the convenience of tabulating the iso- 
topic abundance ratio measurements. The actual application 


of the PDP-8 computer will be discussed in Section 3.3 


3.2 The Mass Spectrometer 


The mass spectrometer employed for the isotopic 
abundance measurements was a 90°, 12 inch radius magnetic 
analyzer (NIER (1947), McKINNEY, McCREA, EPSTEIN, ALLEN, 
and UREY (1950)). The 018/00! ® abundance ratios in sulphates 
were measured by comparing mass 46 (C'70' °0'°) to mass 44 
i 0° °O*"*)” “The corresponding S°'/S°* tsotopic data. was’ ab- 
Payeed trom masses 66 (S°'0°*0" °); and 64° (S°-0" > %). 

In the determination of eebpit compositions, sin- 
gle collection often realizes precisions of about 0.1 per cent. 
The limitation arises primarily from real time fluctuations in 
the mass spectrometer source region. Such a limitation is usu- 
ally eliminated by simultaneously collecting jon currents as 
described by STRAUS (1941), and later modified by numerous work- 


ers, Thus the isotopic ratio of a standard and an unknown 
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Sample can be compared improving the mass spectrometric 
precision to about 0.01 per cent within an analysis. 

The standard and unknown gases were introduced into 
the mass spectrometer through small leaks, designed to reduce 
the pressure. Any back pressure on these leaks was main- 
tained at a constant level by adjusting the mercury level of 
the gas reservoirs in the introduction sector. Four magnetic 
valves were employed to permit alternate measurement of the 
standard and unknown gas sample ion current. The gas (CO, 
or S0,) was then ionized and accelerated by a potential dif- 
ference of about 4 kv into the magnetic field. Ion currents 
corresponding to either masses 44 and 46 for C045 or 64 and 
66 for S05; were collected in Faraday cups and originally 
amplified by a pair of Cary vibrating reed electrometers. The 
output voltage from one of the vibrating reed electrometers 
was converted to frequency and used as the time base refer- 
ence for the Hewlett-Packard voltmeter as described by . 
McCULLOUGH and KROUSE (1965), thus the voltmeter and frequency 
converter combination was employed as a ratio measuring de- 
vice. The pressures of the standard and unknown sample as well 
as the peak shape was monitored by a two pen chart recorder. 

This method has since been replaced by a Fluke Dig- 
ital Voltmeter, as mentioned earlier, with a ratio option. 


This system was further modified by the interfacing of a 
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PDP-8 computer to the Fluke voltmeter in order to eliminate 


tedious data reduction. 


3.3 PDP 8 Data Handling 


With the rapid influx of data from the faster 
response Fluke equipment, the precision of mass spectrometric 
determinations was observed to increase slightly, because of 
the greater flexibility in averaging time that became 
available. Thus the introduction of the PDP-8 computer 
involved integration of the data. It was decided to program 
the PDP-8 such that it would also evaluate the mean isotopic 
ratio, as well as the standard deviation obtained during 
that analysis. 

Two samples of the computer output are shown in 
Figure 3-1 and Figure 3-2. The program was initiated by 
the operator typing one line of comments. This provided the 
necessary identification and other pertinent information of 
sample or standard. Once this line was completed and the 
RETURN key depressed, the program would type the message 
INTIME = 2**(m), expecting some single digit to be the reply. 
This reply was an indication of how many recordings constituted 
such sub-set mean. That is, the digit typed was the exponent 
to which the base 2 was raised to acertain how many values 


7 


were to be taken. Normally 7 was typed for INTIME, where 2 
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@.41824 0-41 8809 9.41814 @e41821 
0.41817 S 
THIS SET IS 
@-41641 0.41638 Be41611 Bo41633 
0241631 x 
THIS SET IS 
Qe41877 0.41871 Be41681 B41 692 
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STD DEV IS QeGOO11 
TYPE Y IF DEV SATISFACTORY? D DELETE. 4 
DELETE N 
MEAN RATIO 099479 
BID DEV IS @.3018 
TYPE Y IF DEV SATISFACTORY? D DELETE 3 
DELETE N 
MEAN RATIO 8299475 
STD DEV IS QeG9GB4 
TYPE Y IF DEV SATISFACTORY? Y 
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readings were algebraically averaged from the Fluke to 
constitute a sub-set mean. This provided an average over 
approximately 3 seconds. 

The GMTIME = 2**(n) requested, was a demand for 
the number of such sub-sets to be evaluated before the final 
calculation of the ion current ratio for that particular 
gas sample. Each final ratio was hence the mean of 2" 
sub-sets of 2" intervals. This initialization procedure 
became obligatory for the remainder of the S (standard) and 
X (unknown) eee determinations. These symbols were also 
typed in, so as to remind the operator of which sample was 
to,come next. If for some reason it was decided to start 
over without completing the predetermined number of analyses, 
then an H (halt) was typed instead of the S or X. 

Four isotopic abundance ratios were evaluated for 
both the standard and unknown gas samples. The final X/S 
ratio was then calculated by taking the average value of the 
first, two» S- ratios and. dividing this, into, Thesifirst, X. value. 
The average of the first two X values was divided by the 
second value. of.the S.ratio,  and.so- on, for thes eight, S. and. X 
ratios. This resulted in six values for X/S which were then 
averaged. The result of which was printed following the 
message MEAN RATIO. In addition, the standard deviation was 
evaluated and presented below the mean ratio.This standard 
deviation calculation was not rigorous, but rather simply an 


estimate of the mass spectrometric stabdd ity. 
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If the standard deviation was considered satis- 
factory, then when prompted by the computer Operator who 
typed Y on the teletype, the program was ready for a new 
analysis beginning with one line of comments. If however 
the standard deviation was not considered to be adequate, due 
to some operator error in running the mass spectrometer or 
instrumental instabilities, the typing of a D instead would 
enable the delete subroutine. Thus any of the X/S ratios could 
be deleted* The appropriate ratio was then ignored from a re- 
calculation of the aren X/S ratio and the resultant standard 
deviation. A standard deviation of under + 0.1 °/00 was con- 
sidered acceptable, although routinely they were about 
+ 0.05 °/oo if the INTIME and GMTIME were sufficiently large 
(m about 7 and n as 2). 

The actual program permitted the options mentioned 
while rejecting erroneous demands or mistakes made by the 
operator. The software was written in assembler (PAL III) 
language because of the limited storage available in such a 
small computer and a listing may be found in Appendix A. 

The convenience and precision offered by this pro- 
gram was a definite asset during isotopic abundance ratio 
studies, and has greatly reduced the monotony of such analyses. 
The ease of data handling was considered sufficient grounds for 
the writing of an expanded program which would operate three 
( * The delete facility is designed to permit calculation of 


the data after some malfunction. It is to be used sparingly.) 
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mass spectrometers in a similar manner. 

This enlarged time-sharing program was written 
and tested successfully for the simultaneous operation of 
three mass spectrometers. The length alone prohibits 
incorporation of the program into this thesis. 

It was envisaged that the PDP-8 and its time- 
Sharing system could successfully be applied to the main- 
tenance of good peak shape, the alteration between the 
standard and unknown, as well as for control of standard 
and unknown gas pressures. Such a scheme seemed beyond 
the scope of a simple PDP-8 time-sharing system. As a 
result, a T. I. 980 A computer has since been employed to 
supercede the PDP-8. Although the programming is still in 
progress, it is obvious that far more complicated data 
handling and analysis controls can be successfully employed 
for routine operations commonly encountered during mass 
spectrometric analyses. The application of computers in 
handling mass spectrometric data opened up many possibili- 
ties for accurate and simultaneous measurements of isotopic 


compositions. 
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CHAPTER IV THE BACTERIAL REDUCTION OF SULPHATE 


4.1 Review 


The process of sulphate reduction is widespread in 
nature. Most sulphides in sedimentary rocks and many elemen- 
tary sulphur deposits ae formed by the bacterial reduction 
of sulphate. For this reason, geologists, bacteriologists, 
limnologists, and biogeochemists have begun extensive studies 
on the formation of mineral deposits by microorganisms. Such 
research was designed to obtain a better understanding of the 
kind of bacterial reactions involved in different environ- 
ments. In particular, the present work strove to evaluate 
the extent of the isotope effect resulting from the biochem- 
ical reduction of sulphur bearing substances in nature. 

Sulphate reducing bacteria were first described 
by BEIJERINCK (1895); the first investigation of the sulphur 
isotope abundance ratios in sulphides and sulphates, was by 
THODE, MACNAMARA, and COLLINS (1949). This sulphur isotope 
study dealt with sulphides and sulphates in sedimentary rock. 
Soon after, the reduction of sulphate by the bacteria Desul- 
phovibrio desulphuricans was observed by THODE, KLEEREKOPER, 
and MCELECHERAN (1951). This was the first demonstration of 
the ability of microorganisms to enrich one isotope of sul- 


phur in preference to others during metabolic processes. They 
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Showed that this sulphate reducing bacteria was capable of 
preferentially selecting the lighter isotope of sulphur, 
Sulphur-32, during the reduction of sulphate to sulphide. 
Their conclusion was that the sulphides were generally 
enriched in the lighter isotope, while the sulphates were 
enriched in the heavier isotope, sulphur-34. 

Wallouch, in some unpublished results quoted by 
THODE, WANLESS, and WALLOUCH (1954), indicated that isotope 
fractionation during the bacterial reduction of sulphate was 
temperature dependent. He found that fan een increased 
rapidly with a lowering of the temperature. A 1 per cent 
depletion of sulphur-34 in the hydrogen sulphide at 25°C was 
observed, reaching 2 per cent at Lo Gs ¥bhis temperature 
coefficient, however, was much too large to be explained on 
the basis of a simple kinetic or an equilibrium isotope 
effect. JONES, STARKEY, FEELY and KULP (1956) showed that 
with D. desulphuricans, the rate of reduction and the con- 
centration of mur piace at all concentrations, were controlling 
factors in determining the degree of fractionation. These 
properties of bacterial fractionation of the sulphur isotopes 
during the reduction of sulphate, were used by THODE (1951, 
1954), FEELY and KULP (1957), and JENSEN (1958), in their 
explanations of a number of phenomena occurring naturally. 


These works illustrated the usefulness of the isotope tech- 
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nique in the study of certain geological processes. 

KAPLAN, RAFTER, and HULSTON (1960) attempted con- 
trolled experiments on various stages of the sulphur cycle. 
Their results were not encouraging. Numerous processes 
were found that could cause such fractionation of the iso- 
topes, and many natural valence states of sulphur were re- 
corded. With the wide range of environmental conditions 
studied, their work served to indicate just how generally 
applicable such investigations were. 

JONES and STARKEY (1957) found the degree of frac- 
tionation to be increased at reduced temperatures, as well 
as at high sulphate concentrations. It was then suggested 
that temperature regulated the rate of reduction, thereby 
controlling the enrichment of the sulphur isotopes and the 
fractionation observed, the degree of fractionation being 
dépendent on the rate of reduction of the sulphate. JONES 
and STARKEY (1957) also noted that fractionation was a com- 
bination of both chemical and biological reactions. However, 
it was likely that most natural sulphur formations were bio- 
genic in origin, since temperatures during sulphur deposition 
were too low for appreciable chemical reduction of sulphate. 
FEELY and KULP (1957), and HARRISON and THODE (1958), 
found that the degree of fractionation was inversely 


proportional to the rate of reduction. That is, greater 
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isotopic fractionation was observed when the rate of reduc- 
tion of sulphate was decreased. Similar results were later 
obtained by KAPLAN, RAFTER, and HULSTON (1950). NAKAI and 
JENSEN (1960) also reported such observations, however, they 
used raw cultures. All the previous investigations had used 
pure cultures of D. desulphuricans. 

Although attempts were made to interpret these 
peocesses.in nature:in terms.of.microbiological, fractionation 
of the sulphur isotopes, only HARRISON and THODE (1958) 
attempted to explain the underlying physiological events. 
This was partially based on POSTGATE (1952), who established 
that an intermediate between the sulphate and sulphide was 
sulphite, Furthermore, the sulphite was observed to be 
reduced at a faster rate, in the bacterial cell, than the 
sulphate. HARRISON and THODE (1958) explained this as a 
reaction mechanism involving two consecutive steps. One step 
was believed to involve a small isotope effect, with the 
other producing the large isotope. The firsti ofa theseasteps , 
the one with the small isotope effect, was suggested to be a 
result. of.the uptake of sulphate by the bacteria.) The: second 
step was believed to involve the reduction of sulphate to 
sulphite, the large isotope effect. This large isotope effect 
would consist of the initial S-0 bond breakage occurring in 


the reduction of sulphate to sulphite. 
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The observed fractionation was thought to be depen- 
dent upon the relative rates of these two steps, that is, 
the entrance of sulphate into the cell and the breaking of 
an S-0 bond in the reduction to sulphite. HARRISON and THODE 
(1958) believed these two steps to be competing for control 
of the rate of reduction. It was of no consequence that the 
relative rates were closely related to the environment of 
the bacteria, that is, the temperature, metabolite concentra- 
tion, and conditions of growth. The question was, which step 
controlled the reduction rate of the bacteria? Their study 
concluded that the rate controlling step was the reduction 
of sulphate to sulphite. This would be expected, since it 
had been noted by POSTGATE (1952) that sulphite was reduced 
much more rapidly than sulphate. Any further reduction of 
sulphite to the end product of a sulphide, could not lead to 
an isotope effect since the sulphite was reduced as rapidly 
as it was formed. 

KAPLAN and RITTENBERG (1964), unsatisfied with the 
development of the investigations carried out, re-investigated 
sulphur isotope fractionation during bacterial sulphate 
reduction. (They also investigated other important metabolic 
processes in the sulphur cycle.) Using once more D. desul- 
phuricans, KAPLAN and RITTENBERG (1964) studied the effects of 


temperature and sulphate concentration on the rate of reduction 
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and the fractionation of the sulphur isotopes. Here the 
temperature and sulphate concentration, within the normal 
physiological range of these parameters, influenced the 
fractionation only in so far as they influenced the reduc- 
tion rate. Since reduction requires a gain of electrons, 
they also varied the electron donor. The electron donor 
previously had been sodium lactate, but now ethanol and 
molecular hydrogen were also employed. A marked influence 
on the reduction rate was observed by this variation of the 
electron donor. Molecular hydrogen was observed to produce 
the fastest rate of reduction, all other variables remaining 
constant. Meanwhile, the rate with ethanol was about one=- 
tenth of that observed with molecular hydrogen, whereas lac- 
tate was generally about one-half of the hydrogen rate. 

With lactate and ethanol as the electron donors, 
the isotopic fractionation was noted to have been inversely 
proportional to the rate of reduction. This result was in 
agreement with HARRISON and THODE's (1958) previous investi- 
gation. However, when molecular hydrogen was the electron 
donor, the fractionation became directly proportional to the 
rate of reduction of the microorganisms. Strain variations 
also produced relative changes in the magnitude of the iso- 
topic enrichment, but otherwise no differences were observed 


due to this modification. It was under such conditions that 
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the concentration of the metabolite, the temperature, and the 
electron donor were made to permit similar studies on the re- 
duction of the sulphite ion. The reduction of sulphite was 
reaffirmed to occur more rapidly than sulphate. The enrich- 
ment, however, waSusually smaller than during sulphate reduc- 
tion. 

The work of KAPLAN and RITTENBERG (1964) disagreed 
with the earlier hypothesis of rate controlling steps. 
Rather, the rate of reduction was always much greater with 
molecular hydrogen than with either lactate or ethanol as 
the electron donor. Thus no control of rate occurred during 
the sulphate reduction, but instead this rate was dependent 
on the electron donor. It was the availability of electrons 
at the reduction site, and not penetration of the sulphate, 
that must have been the rate controlling factor. KAPLAN and 
RITTENBERG (1964) explained the variety of enrichments found 
in terms of several possible equilibrium steps prior to a 
final unidirectional rate controlling step. 

KEMP and THODE (1968) undertook a further reexamin- 
ation of the mechanisms and factors influencing the bacter- 
jal reduction of the sulphate ion. Their results hardly 
differed from those of KAPLAN and RITTENBERG (1964), except 
that the enrichments and rates with the electron donor etha- 
nol were distinctly different from previous investigations. 


Although the inverse proportion was still present, the magni- 
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tude of the reduction was markedly different. ‘One conclusion 
made was that the passage of Hos from the cell was fast and 
hence not a controlling factor in the reduction of sulphate. 
Their reason for such a suggestion was that the Hos formed 
was toxic. That is, the sulphide product was toxic towards 
the bacterial cell, thus only a small isotope effect was 
expected in the liberation of the HoS gaseous product. KEMP 
and THODE (1968) suggested that the fractionations observed 
were due to sequential additions of ine isotope effects, for 
both the sulphate and sulphite reductions. 

When RAFTER (1967) presented the graphite reduction 
method, it became logical to pursue the measurement of oxygen 
isotopes in sulphates. With the oxygen and sulphur isotopic 
abundance ratios for the sulphate reduction, it would be two 
tools to "crack the same nut". Hence oxygen isotope effects 
in sulphates was a complementary process for the under- 
standing of the bacterial reduction of sulphate. LLOYD (1967) 
reported that in the microbiological reduction of sulphate, 
the bacteria preferentially metabolized oxygen-16. Hence 
the 6 0% value of the residual sulphate in solution became 
progressively heavier. This was expected, since the oxygen 
and sulphur isotopes would have most probably followed sim- 


ilar patterns when the bacteria metabolized the sulphate. 
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A better understanding of sulphate reduction, in- 
volving correlations between the sulphur and oxygen isotopic 
variations, was the aim of the present investigation. The 
only work done, in addition to the present study, on the re- 
lationship between 6 07® and 6 S** values of sulphate under- 
going bacterial reduction was that of MIZUTANI and RAFTER 
(1969). Using wet sulphate-free stream mud, MIZUTANI and 
RAFTER (1969) found the sulphate enriched in oxygen-18 and 
sulphur-34 eeduwaa to the original sulphate used. The ratio 
of the enrichment of sulphur-34 to the oxygen-18 enrichment 
in the sulphate, was found to be approximately 4:1. This 
isotopic enrichment ratio of the sulphate was observed to be 
independent of the temperature of the reduction. No attempt 
was made to explain this ratio of the isotopic enrich- 
ments. 

The bacterial reduction of sulphate has been 
partially explained in terms of physiological processes 
rather than physical-chemical reactions. The dependence of 
isotope fractionation on environmental conditions suggests a 
wide range of isotopic fractionation factors for many natural 
processes. Considering its widespread occurrence in nature, 
it became imperative to better understand these kinds of 
reactions. For example, the metabolic product of sulphur 
bacteria plays an important role in organic and inorganic na- 


tural phenomena, such as the changes in oxidation-reduction 
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potentials, the consumption of oxygen, and the precipitation 
of sulphide minerals. In particular, the present investiga- 
tion was designed to better evaluate the extent of the iso- 

tope effect, and to explain any correlations observed between 


the sulphur and oxygen isotopic species. 


4.2 Microbiological Techniques 


During sulphate, sulphite, and elemental sulphur 
reductions, hydrogen sulphide gas is the end product. In 
Order to facTlitate this H5S evolution, the addition of nu- 
trient, and the medium extractions, a reaction vessel was 
employed as shown in Figure 4-1. This reaction vessel was 
a modification of that described by KROUSE, MCCREADY, HUSAIN, 
and CAMPBELL, (1967). With such a container, nutrient addi- 
tion or medium extraction could be accomplished without a 


loss of evolved H,S gas. 


2 
The modified Erlenmeyer flask rested in a thermo- 
Statically controlled temperature bath. This constant temp- 
erature bath contained distilled water of such a depth as to 
completely immerse the medium in the reaction flask, yet not 
interfering with the operation of the sampling port. The 
reaction flask contained a porous aerator which permitted 


the flushing gas to immediately disperse in the medium. The 


product of the bacterial reduction, the Hos gas, was swept 
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Nutrient Addition Port— 
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Figure 4-1] Apparatus for the bacterial 
reduction of sulphate. 
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continually from the reaction vessel with deoxygenated nitro- 
gen. This was achieved by bubbling nitrogen through a pyro- 
gallol solution, before it entered the reaction vessel, to 
remove any traces of oxygen not eliminated during the manufac- 
ture of the high purity nitrogen gas. (This oxygen scrubbing 
solution consisted of 10 parts 20 per cent KOH to 4 ae 40 
per cent pyrogal, by volume, ) 

The HoS; extracted by the nitrogen stream, was 
bubbled through two scrubbers containing distilled water, 
It was then trapped from the nitrogen stream by a cadmium 
acetate mixture, yielding the precipitate cadmium sulphide. 
The two distilled water scrubbers were employed to remove 
envy HCl vapor from the nitrogen and HoS gaseous mixture. 
If the chlori e gas was not removed, then it would have 
become a contaminent on passage through the acetate solution. 
Aqueous silver nitrate was added to the acetate solution 
bearing the yellow CdS precipitate, once the sulphide sample 
had been removed. The result was a black precipitate Ag,S. 
It was subsequently boiled to remove traces of HCl, 
as well as to induce precipitate self-adhesion. In any one 
reduction, several Hos product fractions were collected over 
chosen time intervals for kinetic isotope analyses. Data 
was obtained by simply weighing the Ago Ss quantitatively pre- 


pared from the Hos fractions, 
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Aseptic conditions were maintained in the reaction 
vessel by employing two bacterialogical filters; one for the 
entrance of the deoxygenated nitrogen, the other for the ni- 
trogen and sulphide gaseous mixture leaving the reaction 
flask for the sulphide purification system. The reaction 
vessel consisted of an Erlenmeyer flask with a sampling port, 
a nutrient addition port, and a control head, all of which 
were ground glass joints held tight by small retaining 
springs. The control head permitted the incoming nitrogen 
gas to escape through the aerator into the medium, then 
forced it to exit through the bacterial filter leading to 
the scrubbing system. 

The reaction flask, with all the ground glass port 
caps secured in place, was autoclaved to produce an aseptic 
container for the reduction process. The medium after pre- 
paration was similarily autoclaved to form the sterile nu- 
trient solution necessary for bacterial growth and subsequent 
reduction of sulphate without contamination from other sour- 
ces. For the bacterial reduction of sulphate, the nutrient 
solution was a modification of "Butlin's" medium (BUTLIN, 
ADAMS, and THOMAS (1949)). This medium was most convenient 
since the carbon source for the bacteria also acted as the 


electron donor during the reduction. This base medium con- 


tained: 
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Or, Sig KH, PO, 
Ps0g NH,C1 
Ol tg CaCl. ° 6 H40 
LsQ49 Yeast extract 
@.002 g FeCl, 
S30 G 60 per cent Na lactate 


FOCO: mid. id. HA0 


pH was 7.2 


The original Butlin's medium (BUTLIN, ADAMS, and THOMAS 
(1949)) contained some sulphates required for good bacterial 
growth, but these were omitted and FeCl, was used so as not 
to deprive the microorganisms of nutritional requirements, 
yet at the same time permitting no extraneous sulphate ions 
to be present in the medium save the known sulphate to be 
reduced. | 

The sterile nutrient broth was added aseptically 
to the autoclaved reaction flask. The inoculum was then 
added aseptically to the medium in the reaction vessel, and 
the oxygen free nitrogen gas was then permitted to flush out 
the air present in the sulphate reduction container. The 
nitrogen flow rate was adjusted to prevent too vigorous an 
aeration of the vessel as well as the scrubbing and trapping 


system. Once the flow was considered satisfactory, the sam-— 
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pling port was opened aseptically and one gram of sterile 
Na5S0, introduced. The commencement of sulphate reduction 
usually was observed within about one half an hour after the 
addition of the sulphate. This was evidenced by the forma- 
tion of yellow cadmium sulphide precipitate in the sulphide 
scrubber. 

Blank determinations showed that the sulphide con- 
tamination from all available sources was negligible. That 
is, after two days no apparent sulphide was observed in the 
acetate scrubber. As ae reaction proceeded, sulphide sam- 
ples were removed when considered large enough for isotopic 
analysis. To determine the rate of sulphate reduction, 9.0 
ml aliquots from the reaction vessel contents were withdrawn 
at the same time as a sulphide sample face copmeree te This 
medium fraction contained sufficient sulphate for a rate de- 
termination as well as the measurement of the oxygen and 
sulphur isotopic composition of the fraction. To avoid fur- 
ther reduction of this sulphate by the microorganisms pre- 


sent in the medium, the 99 ml aliquots were immediately 


autoclaved, after, their. extraction. 


4.3 Chemical Preparation 


During the bacterial reduction of sulphate, the 
modified Butlin's medium provided adequate nutrients for the 


metabolic processes of the bacteria. One of the by-products 
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of their metabolism was hydrogen chloride gas. The two 
scrubbers contained distilled water in which the HCl 

gas readily dissolved. If the chloride had not been re- 
moved before the sulphide was precipitated, it would have 
dissolved in the acetate solution. Thus when the AgNO. was 
added, the precipitate AgCl would have formed, intimately 
mixed with the desired AgoS product. Its chemical removal 
could have been done at a later stage of the proceedings, 
but then it would have become somewhat of a health hazard. 
The dissolution in water was the fastest and safest method 
of removing this contaminant. The distilled water in the 
Scrubbers was replaced whenever a sulphate and sulphide frac- 
tion were withdrawn. 

The acetate solution used to precipitate the Hos 
ascdsS consisted of “a mixture of 500 ml of I7N glacial acetic 
meig, 6275 9 Cd0Ac? and "2000 m? of distilled water. The Cds 
fraction, when removed from the reduction line, was immediate- 
ly washed by 0.1 N AgNO, to form the more stable Agos preci- 
pitate. This was then slowly heated to near boiling to induce 
any chlorine or other undesirable gases to leave the solution, 
and in addition cause the black precipitate to self-adhere. 
This usually produced a few conglomerates of sulphide rather 
than multiple smaller groupings of Ag,S. As a precaution, 


NH, 0H was then added, forcing any remaining AgC1 precipitate 
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to become soluble and hence removable. The ammonia vapors 
made this process quite undesirable, but usually Veryena titi e, 
if any, chlorine remained. The resulting AgoS precipitate was 
thoroughly washed at least four times. The fifth washing 
was used to transfer the sulphide into a 50 ml beaker, then 
the beaker and its contents were placed in a drying oven at 
40°C. After two days the dried Ago precipitate was weighed 
and then placed in a sealed container until further proces- 
Sing was necessary. 

The sulphate and medium fractions extracted from 
the reaction flask were immediately autoclaved to prevent 
any further reduction of the Sulphate ion. The sterile 
product was then stored for processing at a later time. 
Both sulphide and sulphate fractions were withdrawn as the 
reduction proceeded, Once no further reduction 
of sulphate was observed, the process was permitted to 
continue for three days. When no more CdS had formed, the 
last remanent fraction of sulphide was removed and processed 
as described. The remainder of the sulphate and medium in 
the reaction vessel was autoclaved as a precaution, and 
stored. 

The resulting sulphate and sulphide specimens were 
later chemically treated as a group, thus eliminating any 


chemical discrepancies between samples of a sulphate reduction. 
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A few drops of HCl were added to each sulphate plus medium 
Sample to ensure acid conditions, the necessary environment 
for BaSO, but not barium carbonate precipitation. About 

40 ml of O.I1N BaCl., was added to each sulphate solution to 
form the desired BaS0, precipitate. This fine white preci- 
pitate was thoroughly washed three times to rid the solution 
of remanent medium. A fourth washing was employed to trans- 
fer these precipitates into 50 ml beakers. These sulphate 
specimens were then dried in an oven at 40°C to rid the 
specimen of water so that accurate weighing could be made 

of the residual sulphate from the bacterial reductions. 

The drying of the sulphate precipitate at low 
temperatures was found to be the only quantitative technique 
for extraction of BaS0, from solution. Filter paper, 
centrifuging, and high temperature drying had all been 
previously attempted without satisfactory results. The 
fine precipitate could not be quantitatively extracted from 
the filter paper, nor from the centrifuge tube. High 
temperature drying tended to give rise to boiling, which 
in turn caused the precipitate to disperse in the beaker. 

No such splattering was present when low temperatures were 
involved. These dried BaS0, specimens were then weighed to 
permit the Hy Mua toi of percentage reduction. The resul- 


tant BaSO, samples were then divided into two portions; the 
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larger portion for oxygen isotopic abundance ratio measure- 
ments of the sulphate, and the smaller portion for the de- 
termination of the sulphur isotopic composition of the 
sulphate. 

The BaS0, designated for oxygen isotopic abun- 
dance ratio measurements was already in a suitable form for 
the direct reduction by graphite. These samples were reduced 
by the carbon reduction method already described. The re- 
sultant C0. product was then analyzed mass spectrometrically 
for the oxygen isotopic composition of the unreacted sul- 
phate from the bacterial reductions. 


The BaSO, designated for sulphur isotope studies. 


4 
was not in a convenient form. It was necessary to chemically 
reduce the sulphate to sulphur dioxide, through a series of 
chemical reactions (RAFTER (1957), GAVELIN, PARWELL, and 
RYHAGE (1960), THODE, MACNAMARA, and DUNFORD (1961), and 
RICKE (1964)). The method of THODE, MACNAMARA, and DUNFORD 
(1961) was the technique basically adopted for the present 


study. The BaSO, designated for sulphur isotope studies was 


4 
blaced in a 200 mil- flask as shown in Figure, 4-2. This re- 
duction flask was fitted by means of a ground glass joint 
and retaining springs to the lower end of a reflux container. 


The addition of a reducing agent to the BaSO, sample resulted 


in Hos evolution. This sulphide gas was forced by a nitrogen 
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Water Jacket 


Figure 4-2 Apparatus for the chemical reduction 
of sulphate. 
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Stream through the water jacket to the distilled water 
and acetate scrubbers. The distilled water was employed 
to remove any chlorine gas evolved from the reduction 
process due to the breakdown of the reducing reagent. 
The H5S was trapped as CdS as outlined previously. 

This chemical reduction of sulphate proceeded in a 
similar manner to the bacterial reductions except much 
faster, since there were heating jackets placed 

around the flasks containing the sulphate and reduction 
mixture. A reflux condenser was necessary to prevent 
the reduction mixture from evaporating. This process 
involved a negligible isotope effect because there 


was nearly 100% conversion. 


The chemical reduction of sulphate was brought 
about by means of a very strong reduction mixture 
ConsTsting of SOO mm Hl. With Sl6 “ml “of “corcentrated 
Hci. ond 25 out Of 90 DET Cerne H 4P0,. This was produced 
by careful addition of these acids, then the resultant 
mixture’ was boiled for 45 minutes ‘to expel “any HS 
or chlorine gases. Heating jackets were employed to 
maintain moderate boiling of the reduction mixture. 


The 30 mg sulphate sample usually required about one 
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hour for its quantitative chemical reduction to Sulphide. 
The resultant CdS product was precipitated as AgoS 
by the addition of 0.I1N AQNO., boiled, dried, and weighed as 
previously described in SOCEIONa. Cec ws Agos was then 
converted to S05 s0 Uilau ure: SUI DhURS TSOLOD TC Compos LtLOn 
of the unreacted sulphate could be determined. (This 
process was also used to convert the sulphide product of 
the bacterial reductions to S05 for sulphur isotopic abund- 
ance ratio measurements.) The Agos was placed in a quartz 
boat and burned in 0, to form S05; which could be readily ana- 
lyzed mass spectrometrically for the sulphur isotopic content. 
The $0. product of the Agos burning was formed following the 
procedures of RAFTER (1957), HULSTON and SHILTON (1958), and 
THODE, MONSTER, and DUNFORD (1961). Here the AgoS was 
placed in a quartz boat in a furnace at 1200; Cemand purified 
oxygen gas then passed over the hot silver sulphide. The 
SO. so formed was quantitatively measured after the removal 
of any C05; water vapor, or 0. contaminants. 
Unfortunately this conversion of BaS0, to S05; for 

the determination of sulphur isotopic abundance ratios in 
sulphate, involved multiple operations. There was the 


chemical reduction liberating HOS, then the tedious double 
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precipitation, and finally the oxygen burning which liberated 
the desired S0,. Each procedure caused no appreciable 
fractionation of the isotopes, but involved very tedious 

and time consuming operations. The chief disadvantage of 
any such technique to convert BaS0, to 50, was the requisite 
time and labor. Such procedures did consume a major part of 
the experimental effort in the present neeearcn program. 
Recently, HOLT and ENGELKEMEIR (1970) described a method by 
which BaS0, was rapidly converted to 50, in one operation. 
This method is to be recommended for any study where BaSO, 
must be converted to S0,. 

HOLT and ENGELKEMEIR (1970) investigated the 
thermal decomposition of BaS0,. The sulphate was covered 
with pulverized quartz powder in a fused quartz tube and 
heated in vacuum to the softening point of quartz. At such 
a temperature, about 1200 uG4 the reaction 


BaS0, + BaQ + S0, +a OD 0, 


yielded S045 which was collected in a cold trap. The 0, was 
then pumped away while the BaO fused with the silica surround- 
ings. This method, however, did not assure a uniform oxygen-18 
abundance in the 50, as did the procedures involving sulphide 


Samples oxidized by oxygen from a common source. A correction 
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for such an oxygen-18 interference was made from measure- 
ments of both the 66/64 and the 50/48 mass ratios. 

The yields from such thermal decompositions of 
BaS0, were always greater than 98 per cent of the theoreti- 
cal yield. The chief impurity found was C0,. The gas pro- 
duced usually consisted of about 99 per cent S055 0.5 per 
cent CO. ; and 0.5 per cent other impurities. The other 
impurities were mainly water and mass 28 materials, that is, 
N, and CO. No SR was detected and only traces of CS, and 
COS were observed. Aside from the obvious advantages of 


time and labor, samples from about 5 mg to 50 mg were 


quantitatively converted. 


4.4 The Bacterial Reductions 


A series of bacterial sulphate reduction experi- 
ments were conducted at 24°C and a0cG: using 1000 mis of 
the modified Butlin's medium as the culture media and 1 g 
SO,. Oxygen free nitrogen was swept through the re- 


2-4 
action vessels as previously described. The inoculum how- 


of Na 


ever, was not just one strain of a sulphate reducing bac- 
teria, such as D. desulphuricans employed in previous inves- 


tigations. 


To help elucidate the mechanisms of sulphate re- 
duction to sulphite as well as the further reduction of sul- 
phite to sulphide, the inoculum consisted of two strains: of 


bacteria. One strain, Bacillus 8P, was a sulphate reducer 


wor 


-gyuegen mor? obam enw panansirpdat. leiden: 
20basy eznm BH\GR Pred ‘bith #2\20 pads 

to enolt eoqmoaeh ‘Kentedy ane mond aslotnl 
sergeant od3 Tactnas veq ge nett 89 69"rR youl 1 
O79 26R O07 «gO EO bnwot eth rug Seldo oat. an 
You, 2.0 ye02 Jaa0 “a ee tyods ad bad shanoa awe 
\aizo 3T eet? spel vale Tees 199 20d rs 

et todd .2Tarradew a5 2bem tnd sei Qe 
bas 2) to toons. “fhe bas Hedoeres aw (0208 
to 2905206 ba Grol via got mor? orien, a 
stew pir Od 03 om F fyoits hort aatquce 


state 


-t¥99%0 hoTI 3909" atentys ule sia % ies a 


to elm OOOF omteb .a°DE: ‘ile aM ys. sey ta 
y F bns sibs@ station oth es mur bat iy 


“9%, oid: ddumedd |W qawe, Zam. hoporhin sent negnd: > 
“won mufooont od? shout Fy ae gy ylauet weg ea ai ae 
+yad pi Lauhe4. od ea fue 6) #0, atorea Be ‘peel iw 
~BeWnt euotvenq at boy fame! sii naa we 
\ nae ve ; palit 
y eon ef srdgiue +6 contcunhalill sdenatwiasilanahiad wf " be 
a.) | ied To: nottobbe», v9Ataa?: i ay tlds staat auin om 
‘Ye antant2 owd to bay tedon smelweont att vohtdqtuz od 9 . 
enue nde tus 6 "Ziew’ amr gareres an0 a é I 


101 


unable to metabolize sulphite; whereas the other strain, 
Clostridium Dm 38, waS a sulphite reducing bacteria which 
would yield the final HoS Product; DUt WaS-Unable touti— 
lize sulphate. Hence the two bacterial strains had dis- 
tinctive functions. The final H5S product was only the 
result of a double reduction. Unreacted sulphate indicated 
the Bacillus 8P's inability to further reduce sulphate, 
while an accumulation of intermediate sulphite suggested 
the Clostridium Dm 3's inability to reduce any more sulphite. 
By observing the amount of sulphide, unreacted sulphate, and 
Sulphite intermediate at various stages of the reduction, an 
attempt could then be made to more clearly understand the 
mechanisms involved in the bacterial reduction of the sul- 
phate ion. 

The sterile medium in the aseptic reaction vessel 
was inoculated with these two bacterial strains. As the mi- 
crobiological reduction proceeded, the deoxygenated nitrogen 


forced the HS product through the sulphide purification 


Z 
system. Fractions of the sulphide and medium (containing 
the unreacted sulphate and sulphite) were withdrawn through- 
out the reduction process. These products were treated as 
previously described. This two strain inoculum was used for 
the reduction of sulphate on four separate occasions. Two 


0 
reductions were carried out at 94°C and two more at 30 C, 


to ascertain temperature dependency of the reduction rate, 
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The amounts of media, innoculate, and sulphate concentra- 
tions were identical in all four cases. 

Of the twelve bacterial reduction-of-sulphate 
experiments investigated during the course of the present 
study, these four were singled out for a most intense inves- 
tigation. Most of the other sulphate reductions were long 
term experiments employing only one bacterial strain for the 
reduction of sulptiate gto “sulphide.” These” reductions were 
considered unsatisfactory at the time because of the apparent 
lack of completeness of reduction. That is, the reduction 
of sulphate was usually less than 30 per cent of that be- 
lieved possible, although most adequate precautions had been 
taken to ensure that the reducing bacteria had all the nu- 
trients required for a complete reduction of the available 
sulphate. (No real understanding of the sulphate reduction 
was believed possible with such poor yields.) The isotopic 
composition of the sulphate fractions were determined for 
some of these runs, No appreciable variations in the 
isotopic abundance ratios were observed as the reaction 
proceeded. Even when the bacterial reduction of sulphate 


had completely ceased, the isotopic enrichments were not 


as substantial as expected. 
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The concept of two distinctively different strains, 
with different metabolisms, was the second simplest form of 
Sulphate reduction by microorganisms. With no apparent suc- 
cess with only one strain, the employment of two strains was 
the most obvious choice. To eliminate any confusion arising 
from the double reduction, it was decided to use strains 
which had no common sulphur metabolic processes. With the 
synergism of the S0,-S03 reducer unable to reduce sulphite 
and the S0,-H,S “reducing bacteria incapable of reducing 
Sulphate, the intermediate sulphite observed by POSTGATE 
(1952) could be independently evaluated. 

KAPLAN and RITTENBERG (1964) and KEMP and THODE 
(1968) eoretided that the rate of reduction was inversely 
proportional to the fractionation of the sulphur isotopes if 
lactate or ethanol was the electron donor. With such a do- 
nor, it became apparent that the rate of reduction should be 
Slow, but how slow became a very important question. A total 
reduction time of about a week was considered much too short, 
yet months could have resulted in the possibility of no 
Significant results, as the previous sulphate reductions 
had shown. The optimum time was considered to be in the 
order of about six weeks. Then arose the problem of finding 
both a SO,-SO, and a S0,-H,S reducer which were compatible, 


4 3 Byres 
totally dissimilar in metabolic functions involving sulphur- 


( * SO, and $0. for convenience in the remainder of the text 
are simply SO, and S03; charge omitted. However, SO, and HS 


refer to the gaseous forms. ) 
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bearing ions, yet such that the reduction process would 
be complete in about six weeks. 

The selection and isolation of such a pair of 
microorganisms was no simple task. Dr. F. Cook personally 
undertook this tedious task and provided the two strains 
employed -( unpublished work by Dr. F. D. Cook ). 

During the reduction experiments, fractions of 
Sulphate and sulphide were withdrawn, as recorded in Table 
4s1. The total amount of sulphur used was calculated from 
the amount of Na,S0, added. With a knowledge of HS evolved 
and sulphate removed, the amount of intermediate was deter- 
mined. ( This intermediate was logically the product of the 
Sulphate reduction, and the known material needed by the 
Sulphite reducing bacteria.) The accumulation of this inter- 
mediate was evaluated as shown in Figure 4-3. This was 
calculated from a sulphur mass balance. Also, knowing the 
concentration of the unreacted sulphate, the medium volume, 
and the sulphide evolved, the instantaneous sulphur mass 
balance for a particular sample (n) can be evaluated using 


= mg S) 
((mg $) paso, + (mg Vagos + (mg Vint? ((mg BaS0) + (mg Se 


A sulphur balance was required to obtain the concentration 
of the sulphite ions, because any oxygen mass balance would 


have involved oxygen from the medium constituents. This oxygen 
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bacterial reduction of sulphate. 
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was from so many possible sources that isotopic analyses of 
the CO, evolution were meaningless. Most of the oxygen did 
in fact come from the reduction of sulphate, but the proportion 
from extraneous materials was sufficient to render fruitful 
interpretations impossible. 
The mass spectrometric results obtained were 
tabulated using the 6 notation: 
R 
pie (ete 51). x anne 
“std 
where R was the S?*/S?2 or the 0!°/0!° abundance ratio of the 
sample and standard. The enrichment of both the sulphur 
and oxygen species in the unreacted sulphate at any stage 
of the reduction was noted in Table 4-2. The unreacted 
Sulphate was progressively enriched in oxygen-18 and in 
Sulphur-34 NCE RIE to the original sulphate introduced. 
Toftavoid calibration of isotopae standards ,wone) of 
the sulphate reduction samples, the original unreacted 
sulphate 1-0, was employed as an internal standard for all 
four bacterial reduction of sulphate experiments. The 
graphite used for the reduction of sulphate to CO.; for 
oxygen isotope studies of the sulphate, was from a common 
source. Similarly the oxygen used for the burning of the 
S to yield SO, was also from a common source. Thus the 


2 2 
internal standard used for both oxygen and sulphur isotopic 


Ag 


Or 


i nie 
b 


¥e 2seyrens stqoguzi ret eoruiee otdie 0 ’ 
bib wapyxe oft to Teoh  2eetgminaey sam or 
notiveqoryg sdt tud ,stedqive notisubes att. 
fultiutt vohess.o¢ tootory hws anw 2fet-vwdem 
_sifdteeoqnt 
otgw banfegda 29 1ueat stNesmons ae azem OM 1 
:wotgeton 3 oft 7 
we, 


cor tc lamas | ; 


sd? to otter aonebiada T*OV"*O ana ve SPAY %2 aa Q 
tuigtue od} aod 9 Spomiot ane! 907 -brsbnad2 t 
apete yng 26 oterlghue, badonetae sit nt esta 

betosaing ohT i248 otiay mh begon ete pk 

ar. dos Ob-Aepyxo wi pads tans ciovbessrporg & a 
.besubortah szadqine castorate oe ovivsten & “7 

to sno , abvehopys ieqavoe +h i maraumast we bio sor . 
balsaovsy faip iyo aid piiaioad notte f 
(Tso) br sbirege fincradert ‘a6! 26 bocataad ey abet 

Say -atnaini VB gK9" a tala: yor t ibe 

no? .eOD ad Peer Toinotds bone . 
AOGMOD 46 MONT 28W. vayestdta alt % ida s | 
anid tO ontoted Prt vo? Ween ae ae hoe 
afd avilT - oNHOe bakit 6 man 08 ew sf vise 
ahaasvet wwleihis ay’ "9 | 


* 


i 


sh. i 


108 


Table 4-2 Oxygen and sulphur isotopic variations 
during the bacterial reduction of sulphate 


Sulphate (°/00) Sulphide (°/o0) 
Sample Per Cent CaS c ewe 6 Og out SRST ahs 
Number Reaction 1 - 0 1 - 0 1 - 0 
1 - 0 0 0 0 -- 
1 - 1 35.8 ee © a Uys) -13.74 
1 - 2 30.4 2. Ui TO. 47 “25.70 
ieee, 3 39.4 +1,.98 +0.44 -25.21 
1 - 4 al #2.65 +0.66 -24.69 
1 - 5 oes 7 ea ES: +0.90 -49.27 
2- 0 0 0 0 -- 
2- | Deu +1.93 +0 .46 -14.15 
2 - 2 iat Oe al BS He 8 Resi -28.6/7 
a =~, 3 24.8 +2.45 +0.69 - 0.38 
pi ~ 4 26.5 3.04 gi aes Src n. d 
oy 0 0 0 0 -- 
3 - | lpm yf tied +0. 26 ie CRA ans 
a = 2 43.8 +2.16 nee. - 6.78 
3 - 3 46.0 ROS | +0.33 - 4,89 
Be~ 4 45.) heey +0.,86 - 8.99 
4 - 0 0 0 0 aa 
4 - ] rae ets eih3 5 +0. 35 eee we ts) 
4 - 2 i Dk, +1.94 +0.49 -14.06 
4 - 3 aS Ped +1.15 +0.29 =24325 
4 - 4 Cec had & +1.58 +0.45 ed) ey ee 
4 - 5 awed n. d Nees =p4 71 


conc. of sulphate ) , 199 4 
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standards involved no carbon or oxygen corrections. 

The apparent non-linearity of the isotopic data 
took on a new dimension when the per cent HS 
production was considered. Figure 4-4 yielded most 
intriguing sulphur and oxygen isotopic abundance ratios 
if the general trend of each reduction was considered. 
The depletion or enrichment of these isotopic species 
was totally sympathetic. These variations in isotopic 
composition became more startling when the relationship 
between the 018/018 and S$3*/S32 patios were plotted 
as figure 4-5. Here the relative enrichments of 
Sulphur-34 to oxygen-18 yielded a ratio of about 4:1. 
This ratio in the sulphate was observed to have been 
independent of the temperature of the reduction. 

Variations in the isotopic composition of the 
unreacted sulphate were most probably a result of the 
hetabolic-actiewitymoat the sulphategréducing bacteria 
constituting part of the inoculum. However, the remainder 
of the inoculum, the sulphite reducing bacteria, were 
capable of producing variations in the isotopic compos- 
ition of the sulphate. The effects of their metabolism 
were believed recorded only in the sulphur isotopic 
composition of the HS gas evolved. The isotopic data 


from the final sulphide product was noted in Table 4-2 


and presented as Figure 4-6. 
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Figure 4-5 Relationship between 6 0'° and 6 Ss?” 
values of sulphate during bacterial 


Sulphate reduction. 


NoeB. (Calculation of the best» fitting strarght 


Pine yields a slope of 3.82 £ 0.22. . Errors of 
0.05 °/oo in both coordinates yield a sum of 
Square residuals of 7.3 with 14 degrees of free- 


dom indicating the individual measurement pre- 
Cision probably ‘better than 0.05 °/oo. 
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aoe |) DISCUSS LON 


Since the development of oxygen isotopic abundance 
ratio measurements in sulphate, no investigators have 
Studied the sulphur and oxygen isotopic correlations 
observed during the bacterial reduction of sulphate, 
except MIZUTANI and RAFTER (1969) and the present study. 
In addition, MIZUTANI and RAFTER (1969) did not conduct 
their investigation with known microorganisms, but rather 
with an indeterminate conglomerate of organisms found 
in stream mud. Hence microbiological conclusions were 
limited. An analysis of sulphate reduction mechanisms 
was also impossible with such a complicated medium, in 
spice of the fact that such conditions are naturally 
occurring. The understanding of biological metabolisms 
in such complex enviroments, and in particular the reduction 
of sulphate, requires intensive investigation if such 
mechanisms are to be fully understood. 

Differences in temperature of the reductions in the 
present study were observed to alter the fractionation 
of the isotopes. The first sulphate fraction removed from 
the reaction flask (Figure 4-4) showed most clearly that 
the fractionation was greater for reductions 1 and 2 at 
24°C, than for runs 3 and 4 at 30°C. (This information was 
basically masked by the inversions, but witnessed most 
clearly in runs 1 and 4 with the sulphur isotopic composition 


of the unreacted sulphate.) This confirmed the observations 


of earlier investigators. Here a decrease in temperature 
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caused a decrease in the rate of reduction, which in turn 
caused an increase in the fractionation. Temperature was 
only considered important in so far as it modified the 
vate of reduction. 

The metabolic activity of the sulphate reducer be- 
came apparent when observing the unreacted sulphate. The 
relative enrichment ratio was expected, but not the isotopic 
inversions recorded in both the sulphur and oxygen isotopic 
data. These variations were thought to have been transferred 
to the sulphite produced. The sulphite reduction was mon- 
itored by observation of the H5S product (Figure 4-6 shows 
the sulphur isotopic composition of the sulphite product.) 
Inversions did appear, but no apparent correlation between 
the two reduction processes was at first obvious. 

A comparison of the relative fractionation of the sul- 
phite and sulphate was thought to be an aid in determining 
the mechanisms of S0,7S03>H)S reduction. A plot of the 
sulphur isotopic variations in the sulphide and unreacted 
sulphate is shown in Figure 4-7. The same sulphide to 
sulphate comparison is presented in Figure 4-8 using MIZ- 
UTANI and RAFTER's (1969) data. Similar radically varying 
relative fractionations were observed. 

In both MIZUTANI and RAFTER's (1969) study and the pre- 
sent investigation, the slope at any instant was a comparison 


of the fractionation of sulphur isotopes in the sulphide, 
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6 S?* of the sulphide versus 
the 6 S** values in sulphate 
(present study). 
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6 S3* of the sulphide versus 
the 6 S?* values in sulphate 
(Mizutani and Rafter (1969)). 
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to the fractionation of the sulphur isotopes in the un- 
reacted sulphate. The slope variations implied that the 
Sulphite fractionation and the sulphate fractionation were 
not always consistent. (The isotopic inversions of the 
present investigation did not appear to cause any change 
in the rate proportionality. Runs 2 and 3 compared favorably 
to reductions 1 and 2 of MIZUTANI and RAFTER (1969), where 
no inversions were observed.) 

It has been established (Section 4.1) that the sulphate 
eet ont x00 rate is inversely proportional to the rate of 
reduction. However, since both studies under consideration 
have recorded instances where the sulphite fractionation 
rate was both inversely and directly proportional to the 
sulphate rate of fractionation, it was concluded that both 
inversely and directly proportional reduction rates were 
present during the same reduction process (runs 1 and 4 of 
figure 4-7, and run 3 of figure 4-8). Hence sulphite was 
reduced both faster and slower than sulphate. Thus the rate 
controlling step was sulphate and/or sulphite reduction, 
depending upon which of the 7 reductions was under consid- 
eration. It was hard to conceive of such oscillations in the 
rate control during a single bacterial reduction experiment. 


Either both sulphate and sulphite reductions were rate con- 


trolling and each competing for control of the rate, or else 


some other factor controlled the rate of the S0,7S037H)5 
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reduction. The complexity of this rate control did seem 
to become more obvious’ as the temperature of the reduction 
increased. 

One advantage of employing two strains of bacteria 
which performed distinctly different metabolic processes, 
is that the intermediate was known to have been sulphite. 
The size of this reservoir would definitely elucidate the 
predominant rate controlling step during a particular sul- 
phate reduction. If the $0,750. reduction was rate con- 
trolling, then there would be no sulphite ions present in 
the reaction flask once the reduction had ceased. On the 


other hand, if the SO.2H.S, reduction; was rate: contro] lang, 


ie 
then when the reduction ceased, sulphite would be in sol- 
ution since it had not been completely reduced by the sul- 
phite reducing bacteria. Thus the double reduction permitted 
both an isotopic and mass balance, which would yield the 
amount of the intermediate sulphite present during the re- 
duction, as well as the isotonic composition.01 sthis Inver. 
mediate. These calculations, however, could not be performed 
on the oxygen data since no reliable oxygen bearing pro- 
duct was liberated, hence only the sulphur isotopes were 


used for the isotopic and mass balances. At any instant 


during the bacterial reduction of sulphate, the mass balance 


yielded 
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SO, 


where the amount of sulphur in that available system must 


equal the amount removed as sulphide, plus the amount 


remaining as unreacted sulphate, plus the amount accumulated 


as intermediate. The instantaneous isotopic balance yielded 


ee Mtota) s $tG0%) ot 
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(% un S04) + °( 65 ert (% int S03) 
SO 


3 


Here the isotopic composition (9700) of the total sulphur 


present must be equal to the per cent isotopic compositions 


of the Sulphide product, the unreacted sulphate, and the 


Sulphite intermediate. Once the amount of sulphur tied up 


as intermediate was determined from the instantaneous mass 


balance, then its instantaneous isotopic composition was 


evaluated from the isotope balance. These instantaneous 


values are recorded in Table 4-3, and reflect the behavior 


of the system. (These calculations were only applicable for 
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Table 4-3 Instantaneous mass and isotopic 
balances calculated to determine the 
behavior of the sulphite intermediate 


Inst. Mass Balance Inst. Isotopic Balance 
Specimen OZ Ot usuayailable) (S62 Lag 
Number Hos un S04 int SO. Hos un SO, int S03 
= | hO5 64.2 28.38 -13574 +2.16 -1.26 
Mom) 2 4.3 677.0 28.7 =29./ 0 sero. Oe + 3', 00 
1 - 3 875 68.5 28.0 -25 2hatal #98erthss46 
1 - 4 Sane 67.8 24.0 “24.800 F200 57) EA cdaaG 
Tes '5 4.8 59.5 3507 S498270.+3973 Se20861 
oe | va Sia Tee =o” FP -4,90 
ca=92 578 86.1 8.1] 228. 62ent+ 1468 -7.81 
Zim 3 9.6 oO. 3 4.1 =OT68 2745" (= 37.51 
2- 4 6e2 $873 Om5 n. @s Teeecd nips 
Ste | 546 B5o6 5669 +0466a +1804 -1.68 
Bem 2 D0 59.6 34.8 =05/6° Iho 6 eS 
Be-C3 605 6067 S298 “te 89net las? -0.48 
3 - 4 6.4 66.0 (dad POS 8) -8.99 +3.34 -3.29 
Be) Bagels 23.0 =3.48) 0:33.80 “OMe 
4 - 2 Sia 7@¢9 2240 -14.06 +0.49 tz 50 
ae. ss 78.8 LoS <“21laZow +Oecos “tiles 
avied 62 8tuazsei 15.6 -27.23 +0.45 +23.32 
4. 5 306 n. d ey Ge SCAT Nal Ms ees al 


( The 6 S3* value of the initial sulphate was taken as 
0 7/00 - the amount of sulphur in the initial sulphate 
Wasm= 2726 mg,.and for these experiments 90 ml aliquots 


were withdrawn. ) 
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times when the sulphate and sulphide fractions were with- 
drawn.) The isotopic composition of the intermediate sul- 
phite was not always observed to lie between that of the un- 
reacted sulphate and the Hos product, as shown in Figures 
4-9, 4-10, 4-11, and 4-12, 

Isotope fractionation during the SO, >HSS reduction 
was possible, since there was a large sulphate reservoir 
available for sulphate reduction to sulphite. The SO,%H,S 
reduction however, had a smaller reservoir. Even with such 
a limited reservoir, the Hos should have been isotopically 
lighter than the sulphite intermediate. As long as sulphite 
Was permitted to accumulate, the sulphide usually has 
been lighter than the corresponding sulphite. When the iso- 
topic composition of the intermediate remained between the 
Sulphate and sulphide isotopic abundance ratios, it was 
assumed that there was sufficient sulphite present to have 
permitted isotope selection by the sulphite reducing bac- 
teria. Such a situation seems to have occurred in the third 
reduction (Figure 4-11). The sulphate reduction rate was 
faster than that of the sulphite reduction, hence a sulphite 
reservoir was Bees ent As the sulphite reservoir increased 
be size,.the S0,7H9S reduction preferentially metabolized 
the lighter sulphur-32. The Ho9 product was observed to 


become isotopically lighter. From Figure 4= 74], it appears 
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that the sulphite reservoir later stabilized as both the 
S0,-S0, and S03-H5S reductions proceeded at about the same 
Raters The final HoS fraction, however, implied that the 
$0,-S0, reduction rate rapidly increased. This resulted in 
a large S02 reservoir where the sulphur-32 species were 


preferentially reduced. Thus a sudden increase in SO “SO. 


4 
reduction would have accounted for the low 6 S$?" value of 
the Hos. However, it probably would also have produced 
sufficient quantities of sulphite to cause S0,-S0., reduction 
cessation, since the SO, reducing bacteria are known to be 
Sensitive to high S04 CONCENtTatIONS. =» oul Pi te cOXTe1 cy 
would have prevented any further reduction of sulphate, but 
not Bal ohite, unless there was either a deficiency in nutri- 
tional requirements or such a high concentration of sulphite, 
that even the sulphite reducers found it toxic. 

pariner verification was obtained from the percen- 
tage intermediate present at all stages of the reduction of 
Sulphate. During this reduction experiment, the intermediate 
consisted of at least 27 per cent of the total sulphur atoms 
employed for sulphate reduction to hydrogen sulphide. Nor- 
mally this was greater than 32 per cent, reaching as high as 
39 per cent when the reduction ceased. Thus sulphite was 
not reduced as rapidly as it was formed. The accumulation 


of a large intermediate reservoir testified to predominant 
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Pas, 
50. reduction rate control during the latter stages of the 
reduction. ( Figure 4-7 had previously implied such rate 
control. ) The general trends of run 3 (Figure 4-7) and 
MIZUTANI and RAFTER's (1969) run 1 at 14°C, seem to be 
Similar. Their reduction only proceeded to 54 per cent 
reaction, in spite of the multiplicity of reducing organisms 
present. This could have resulted from an accumulation of 
intermediates, which were never reduced to Hos. During run 3 
of the present study, intermediates were always greater than 
27 per cent of the total sulphur utilized. Such an accumula- 
tion during both reductions was believed to have caused rate 


control by the SO 2H,S reducers. They were the only agents 


3 
present that could remove the toxic sulphate from the reac- 
tion vessel. The general lightening of the HoS productuerur= 
ther suggested a modest sulphite reservoir, however the 
variations of both run land 4 are difficult to explain. 
Table 4- 3shows that both these reductions had reasonably 
large intermediate reservoirs, however MIZUTANI and RAFTER's 
(1969) run 3 at 35°C had rather confusing variations (Figure 
4-8) as well. Their 92 per cent reduction indicated some 
unreduced intermediate, but as with the present study, no 


meaningful conclusions were forthcoming. No rate controlling 


reduction was clearly obvious, but there existed a sufficient- 


ly large enough reservoir to have permitted SO03-H55S 1sotopic 


selection. 
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A small sulphite reservoir seems to have been 
present during the earlier stages of run 2, however, 
Figure 4-10 shows that this reservoir was soon depleted, 
Since the Hos fractions became heavier. This would have 
been due to sulphite reduction occurring as fast as it 
became available, once the initial reservoir had been 
exhausted. Thus sulphite was reduced as rapidly as it was 
formed. 

Further proof of a steadily decreasing sulphite 
reservoir can be seen in Table 4-3, where the per cent 
Sulphite never exceeded 11 per cent of the total amount 
of sulphur atoms employed. Hence this reservoir was most 
precarious, threatening the survival of the sulphite re- 
ducing bacteria] strain. These most adverse conditions 
Suggested sulphate reduction rate control during the re- 
duction of sulphate to the final H,5 product. MIZUTANI 
and RAFTER (1969) also observed such a rapid reduction of 
sulphite ( run 2 at 25 °C, Figure 4-8). Their 98 per cent 
reaction may have only been achieved because of the many 
reducing organisms employed in their study. Thus other 
pathways for reduction of sulphate to eventually sulphide 
may have occurred, but speculation on this point is most 


impractical. 
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Clearly, neither sulphate nor sulphite reduction 
could be solely responsible for rate control during 
the S0,7S0,7H,S reduction, rather a competion for control 
of the rate existed with some other factor determining which 
step would have controlled the SO,7H,S bacterial reduction. 
This variable did certainly influence both the reduction 
rates, and in ae eron may have been responsible for the low 
yields observed with pure culture reduction experiments. 
Only two conclusions were possible, for such poor yields. 
Either the sulphate available for S0,-S0, reduction had been 
depleted, or the available sulphate had not been entirely 
reduced to some intermediate. 

If the sulphate available for reduction had been 
depleted, then such poor yields were a result of non-reduc- 
tion of intermediates. If no sulphate was left, then inter- 
mediates such as $0, and S504 were unreacted and present in 
the reaction vessel. On the other hand, if there was sul- 
phate remaining in the reaction vessel, then the poor yields 
resulted from a lack of completness of the S0,-S0, reduction. 

Now if the sulphate available for reduction had 
been depleted, then the addition of BaCl, to the remanent 
media would have yielded no BaSO, precipitate. A few drops 
of HCl were added to the residual media then BaCl, in excess. 


The result was as expected. Precipitation of BaS0, was ob- 
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served, and the quantities were not negligible. The amount 
of unreacted sulphate was then determined to see if the 
cause of such poor yields could be explained. Exactly 100 

ml of the remanent media and sulphate was used to evaluate 
quantitatively the amount of unreacted sulphate. The per- 
centages of unreacted sulphur (in sulphate) in the remaining 


media were as follows. 


Run 1) Bas0,, SJ .73 moymi(S=100 mg/! )="4er4enot cnitial 
Run 2 BaSO, = 1.15 mg/m1(S=158 mg/1)= 69.9% of initial 
Run 3 BaSO, = .98 mg/m1(S=135 mg/1)= 59.6% of initial 
Run 4 BaS0, | m d.f,saccidentatly disearded. 


Thus there were large quantities of unreacted sul- 
phate present throughout the reduction experiments. iltethas 
unreacted sulphate was ignored, then Figure 4-13 indicates 
the relative amounts of intermediate produced during each 
Sulphate reduction experiment. The unreacted sulphate gave a 
further check on the amount of intermediate remaining once 
the reduction process ceased. (Previously the sulphate frac- | 
tions were used to calculate the amount of intermediate pre- 
sent during the biological reduction of sulphate.) The 
amount of sulphate not reduced when metabolic processes ceased, 
indicated that the final amounts of intermediate were as fol- 


lows. 
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Figure 4-13: Sulphur distribution during the bacterial 


reduction of sulphate, ignoring unreacted 
sulphate remaining at the end of the con- 
version. 
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Therefore, there was sulphate available for reduction, but it 
was not reduced even to sulphite. Within the limits of the 
chemical preparation and weighing techniques employed, this 
data confirms the rate control conclusions previously dis- 
cussed, -(Reduction 4 was not available for such an analysis, 
due to carelessness which resulted in the loss of the final 
Sulphate and media sample.) 

Sanit: the per cent reduction was slightly 
modified by the temperature of the media and inoculum, the 
poor yields were caused entirely by some other factor. If 
Sulphate was remaining when the reduction had ceased, then 
the reason would have been sulphite toxicity or simply some 
metabolic inadequacy. KAPLAN (1962) has stated that sulphite 
is toxic to most organisms by virtue of its ability to bind 
carboxyl groups of metabolic intermediates, thus preventing 
their further metabolism. Such a phenomenon could possibly 


have accounted for the cessation of microbiological activity 


in runs 1 and 4. If the reductions did not cease because of 
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sulphite toxicity, then the question arose as to why such a 
cessation occurred. 

To keep the bacterial strains viable involved 
removing cultures to new media long before the media was be- 
Pieved to be exhausted of sufficient nutrients for good 
bacterial growth. Nearly 100 per cent reduction was ob- 
served by MIZUTANI and RAFTER (1969), but only when a con- 
glomerate of unknown microorganisms were employed as found 
in.stream mud. KEMP and THODE (1968), in an attempt to ob- 
tain greater isotopic fractionation, tried various bacterial 
Strains and physiological states. However, their reductions 
with pure cultures did not exceed 26 per cent reaction. Com- 
plete reductions may be possible with a multitude of reduc- 
ing bacteria and naturally occurring nutrients, but pure 
cultures have never escaped this fastidious nature of most 
microorganisms, when employed in laboratory experiments. 

A probable reason for this microbial phenomena, 
and a possible explanation of why the sulphite reservoir was 
permitted to develop to such toxic levels, lay hidden in the 
mechanism involving rate control of the bacterial reduction. 
HARRISON and THODE (1958), KAPLAN and RITTENBERG (1964), and 
KEMP and THODE (1968), found the rate of reduction to be 
inversely proportional to the rate of isotopic fractionation, 


when lactate was used as the electron donor. However, two 
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such sulphate reduction experiments of KEMP and THODE (1968) 
were anomalous. These two reductions occurred at 11 and 20° 
C, and involved very slow Lindt eeu en coupled with 
small isotope fractionation. This was attributed to a low 
temperature effect. What was most startling was that in one 
series of experiments, the rates of reduction and the iso- 
topic enrichments were not reproducible. This was because 
there was a direct dependence on the reduction rate, rather 
than the inverse expected. MIZUTANI and RAFTER (1969) and 
the present study have also observed such phenomena. This 
was not a temperature effect, but rather some other factor 
was responsible for the variations observed. 

HARRISON and THODE (1958) stated that S-0 bond 
rupture was rate controlling if the fractionation factor 
was about 1.025. However, many investigations have since 
obtained larger values. Thus S-0 bond rupture was not rate 
controlling. KAPLAN and RITTENBERG (1964) concluded that 
the rate controlling step involved the availability of elec- 
trons at the reduction site, hence rate control was dependent 
upon the electron donor. In the present study the same 
electron donor was used for all reductions, with the reduc- 


tion rate and fractionation rate totally independent of the 


electron donor employed. The reduction rate was observed to 


be both directly and inversely proportional to the rate of 
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fractionation at different times during a single bac- 
terial reduction of sulphate experiment. Such was the 
case for the investigations of MIZUTANI and RAFTER 
(1969) as well. Hence the rate controlling step during 
the reduction of sulphate was much more complicated 
than simple S-0 bond rupture, electron donor, or 
temperature. 

4.6 Conclusions 

1. The rate of sulphite reduction was not always pro- 
portional to the rate of sulphate reduction. During a 
Single microbiological reduction, both reduction pro- 
eesses were competing for control of the rate, with 
Seen rate controlling at various stages of.a single 
#50.cH,5 reduction. 


4 ah 2 
Peenny accumulation. of sulphite, during the bacterial 


SO 


Feduction of Sulphate, is toxic. Sulphite accumulation 
prevents complete sulphate reduction, because sulphite 
is toxic to most organisms by virtue of its ability to 
bind carboxyl groups of intermediates, thus reducing the 
rate of metabolism. 

3. Meaningful microbiological conclusions were only be- 
lieved possible when a pure culture and known media were 
employed, in spite of the fact that this is not charac- 
teristic of naturally occuring phenomena. 

4. Pure cultures of bacteria cannot complete reduction 


of sulphate because of the simplicity of the media 
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employed. Only in nature, with its complex forms, nutrients, 
and pathways, might reduction possibly be complete. Strain 
acclimatization and poor yields pose the greatest problems 
in laboratory studies of pure cultures. 

5. An important temperature independent relationship was 
observed between the py me and the Soul She hat10s (on 
the residual reactant sulphate. The relative enrichment of 
sulphur-34 to oxygen-18 was found to be anproximately 4:1. 
Olnts Will’ be discussed further in Sections 5.4 and”’5.5. ) 
6. Large isotope fractionations were observed between the 
intermediate and the H4S final product. InN RUN | tme, prac— 
tionation reaches as high as 70 per mil ( unusually high, 
since MCCREADY (1974) recently obtained a large fraction- 
ation with Yeast of 50 per mil, which to date is considered 


very high ). 
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Chapter V. Isotope Effects During Microbiological Sulphate 


Reduction 


551 Microbiological Sulphate Reduction Mechanisms 


In order to explain the observed isotope effects during 
microbiological sulphate reduction, it is necessary to ex- 
amine mechanisms involved. The basis of these mechanisms is 
a redox reaction which occurs when an energy source becomes 
oxidized (loss of electrons) and another material becomes 
reduced (gain of electrons). Lactate was employed as the 
energy and carbon source, donating electrons, while the 
Sulphate or sulphite ion accepted electrons during the 
Oxidation - reduction experiments of the present investigation. 
KAPLAN and RITTENBERG (1964) assumed that this electron 
transfer was the rate controlling step during the microbio- 
logical reduction of sulphate. 

Once thevelectron ‘donorjPthe laetates®has been oxidized, 
it is no longer an energy source and may then serve as an 
electron acceptor. In such a situation, competition could 
occur between sulphate, sulphide, and the oxidized lactate, 
to serve as the electron acceptor. 

The biological reduction of sulphate mechanisms are 
These mechanisms are employed 


presented in Figure 5-l. 


by most sulphate reducers. Although not all sulpnate re- 


ducers belong to the genus Desulphovibrto or Desulphato- 


matulm, isolotes from nature are most frequently species 


of these genuses. These bacterial forms are obligate 
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SO,” ( ext.) 


cell wall enzyme 


sO, ( int. ) 
ATP 
ATP sulphurylase 
PP 
APS 
+2e 


APS reductase 


+6e sulphite reductase 


Se 


Figure 5-1 Mechanisms of bacterial sulphate 
reduction (dissimilatory). 
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anaerobes which can use either Ho Or organic compounds 
(such as lactate and ethanol) as the energy source. 
During biological sulphate reduction, the energy 
Source transfers electrons through a cytochrome system 
to the sulphate. This cytochrome is a natural electron 
carrier, which undergoes oxidation and reduction through 
a loss or gain of electrons from the iron atoms. These 
iron atoms were part of the culture media (Fe Cl.) em- 
ployed for the reduction experiments. In nature 
such a process plays a considerable role in the corrosion 
of iron and steel pipes. This cytochrome electron transfer 
Eowene first step of sulphate reduction. That-is, with 
molecular hydrogen as the electron donor, this electron 


transfer is 


2 + 
Ho = cytochrome*? eg CY LOCI CMe oa ete. 
+3 
(The cytochrome’? is Sometimes written as .cytochrome rd Fe =, 


ae 
and the cytochrome *¢ as cytochrome 2 Fe ~.) 


This transfer of electrons through a cytochrome 
system to the sulphate can only occur if the sulphate is 
in a form which can accept electrons. This is achieved 
by the high energy phosphorous compound ATP (adenosine 
triphosphate), which plays an important role in energy 


metabolism. The energy derived from oxidation-reduction 
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is conserved in the high energy bonds of the ATP. This 
energy is later released by the enzyme kinares for cell 
functions such as mobility, biosynthesis, and growth. 

The production of ATP occurs during substrate phospory- 
Havionzysthis wiht occur only if-a:suitablevelectron 
acceptor is present. Such an electron acceptor is the 
Sulphate ion. 

In order to accept electrons, the sulphate ion must 
first be enzymatically converted to APS (adenosine phos- 
phosulphate) in the presence OfuvAdPideThishas the second 


step of the reduction mechanism, 


The product PP (pyrophosphate) forms when the sulphate 
radical is included in the APS. The sulphate ion is sub- 
sequently reduced to sulphite by the enzyme APS reductase. 


This third step can be represented as 


ME eeoee eg PAP Gt SOae ae 
NADPH NADP 


where the APS reductase requires NADPH as an electron 


donor coenzyme. 
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The fourth step of the 50,-S03-H,S reduction also 
involves an enzyme using NADPH as an electron donor. The 
NADPH coenzyme is not permanently attached to enzyme pro- 
teins, but rather combines with them only during 
the enzymatic reaction. This coenzyme NADPH (nicotinamide 
adenine dinucleotide phosphate) is an electron carrier which 
donates an electron, becoming the oxidized NADP. (NADPH is 
more accurately written as NADP + AP). Thus the coenzyme 
NADPH is necessary in order that the sulphite reductase 


enzyme can reduce sulphite to sulphide. That is, 


-2 572 


~~ 
NADPH NADP 


These four steps (see also Figure 5-1) are the 
known processes involved in anaerobic respiration. In 
such a reduction, the difference in mass of the isotopic 
species will be an important factor. Since energy, entropy, 
and the free energy of isotopic substances depend on the 
vibrational frequencies of the molecules, which in turn 
depend on the masses of the atoms in the molecules, it can 


be seen that there is a basis for the differences in pro- 


perties of isotopic materials. Hence there will be different 


rates for each step of the reduction, favoring either the 


heavier or lighter isotopic species. Thus isotopic abundance 


ratios were believed able to elucidate which mechanisms were 
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rate controlling during the microbiological reduction of 


sulphate. 


5.2 Reduction Mechanisms and the Isotopic Inversions 


The mechanisms of biological sulphate reduction 
Rave been outlined (Section 5.1) as presented in BROCK 
(1970). KEMP and THODE (1968) discussed a similar path- 
way for the assimilation of sulphate, however, they noted 
two additional phases of sulphate metabolism which could 
give rise to isotope effects. They were, the assimilation 
of sulphate by the cell, and the passage of Hos out of the 
Sert. thus the rate controlling step during S0,-S03-H,S 


reduction should be one or more of the following: 


tale ene “aessint ration “oF ‘Sulphate “by the™@cerl, 

meee the “transferor -erectrons at the reductiron site; 

per. the assim lation “of “su Pphate “by “AFP; 

IV. the 'réduction*of "APS to 'sulphrte, 

Li analogous complicated enzymatic processes for the 
reduction of sulphite to sulphide, and 


VI. the passage of H5S Gute "oTstne sce. 


To elucidate the rate controlling mechanisms of 


microbiological sulphate reduction, it became necessary to 


examine the isotopic data more closely. An explanation of 


the observed isotopic inversions (Figure 4.1) was thought 


to help in determining the rate controlling steps, since 
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both the sulphur and oxygen data indicated an isotopic 
inversion phenomena. However, interpretations are res- 
tricted since a chemostat was not employed for the bacterial 
reduction experiments. Thus the cell population and re- 
duction pH were never known. 

In such a closed system reduction experiment, the 
lactate electron donor was believed to have oxidized to 
acetic acid (CH,COOH). With no pH regulation available, 
this sulphate reduction by-product would have lowered the 
pH of the culture media and inoculum. Since the enzymes 
associated with bacterial sulphate reduction are known to 
be very pH sensitive, a lowering of the inoculum pH would 
have caused cell death (lysis). The resulting intracellular 
Sulphur accumulation would have permitted the remaining 
viable bacteria to metabolize these organic nutrients rather 
than the inorganic sources present in the culture media. 

The intracellular sulphur present in dead cells 
has a lower 654 value than the available sulphate 
(MCCREADY and DIN (1973)). Thus during culture regrowth 
on metabolites released from lysis, the sulphate isotopic 
composition would temporarily lighten. (Such an inversion 
was observed in Figure 4-4.) This regrowth metabolism, 
however, releases NH, which would raise the inoculum pH. 
Once this regrowth had been established, the pH would 


increase, preventing further lysis. Once the metabolites 


released from lysis were exhausted, the inorganic sources 
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in the culture media would have been re-employed. The 
isotopic abundance data would then indicate a progressive 


a and yao be 


enrichment of 6S in the sulphate. This was 
observed experimentally. Soon after this regrowth all 
microbiological activity ceased. This was thought to be 
a result of the increasing pH, preventing a viable enzy- 
matic environment. This conclusion would support the 
known pH sensitivity of enzymes. Such an explanation for 
low yields is believed valid for similar sulphate reduction 
experiments where strict pH and population monitoring are 
not employed. Thus complete (100%) sulphate reduction is 
not believed possible unless these variables are controlled, 
such as can be done in a chemostat. 

It should be noted that the intracellular sulphur 
released during lysis metabolism would not have produced 
a large isotopic enrichment, because of the limited intra- 
cellular reservoir. The present study data did possess 
isotopic enrichments of the same order of magnitude as 
expected (MCCREADY and DIN (1973) from intracellular accumu- 
lations (i.e. less than 0.8 °/oo for sulphur and 0.2 °/00 
for oxygen). 

The isotopic inversions were believed caused by 


critical pH variations. No information concerning S0,-S0,- 


H.S reduction rate control was thought possible from an 


2 


examination of the isotopic inversions. Hence pH contributed 


AAS 
ai? .bayolqne-37 asd a a die 
ovf2294porg 6 otna thn? met preb, @ a6 
hw 2fnt _adgriep ie iui , PA. es 
[fs dwergs? \2hag sib al UT ages ae 
sd ot IAPUOnt 26u, erat . bgegwos. ibis nes 
Vina Ssidgtiv 4 vite WaNenG ye bafesatoat ait XS ee 
ait ¢ynaque biow noreu these etat 
so? nobienstakes nbs Awe S2OMMENS a awh | 
jubex stsdqgive tat hihe net DP Pey vovstteg & 
o16 patiottdom oottetigeg hie Ny tarrse oe 
2t nottouhey stetqive (¥OOT) stachaeh ei, 8 
balforsdos s16 2eldetiev, seend eeerne | vst 
ad ceMBttL 6 ag 58>, 
wd¢ive tei (essstnt edy Tpehd baton 9d u a 


barvbotg svat Jon bikie He oh ff eset 
-srint Datimit anit. 70 a2uaaed ce 
22a220q): b¥D A26b YbuUTe tneestg) oat 

26 abikkyen FO Shr ise | ahd vor 
synods setutTlessaint wove (Ever) 00 one 10 


pol? S10 bas. "HAgtue! cro?! oo? ‘8.9. ut mt ip 
(naw MR 


. xa beeuss beveliod oNom | ne | ines oe 
~g0@>g0% galovsanos warren yey Hq teats 
ie mow? aldleog eee tts 
ee = each i hk 
i Uinkie Yh Naprone ak one : 


Ware: 7 


ve 


5 ' ow 7 
: “ 


145 
tO,.na te, control .onky in iso far vas sit regulated cell popu- 
lations and isotopic enrichments. The pH variations were 
also believed to be responsible for some of the very large 
fractionation factors observed during bacterial reduction 
of SO, experiments. “This will be discussed: batervrinesec- 
ron 5. 45 

The isotopic data of Section 5.4 indicate that the 
Maeteriat reduction of sulphate was strictly a first 
ercer Kinetics reaction. The fractionation factors (a) 
were consistent with first order kinetics, but the 
fraction fractionation factors (8) certainly were not. 
Pees (1973) has»recently discussed isotopic “fractionation 
effects during the reduction of sulphate to hydrogen 
Sulphide in experiments with Desulphovibrtio desulphurtcans. 
He has presented a steady state model which explains 
nigheranfractionation»factorsein terms,ofifull reversibility 
of flows between the external sulphate and the internal 
sulphite. This model will help to explain the high fraction- 
ation factors of the present study, but it involves the 
addition of back reactions to the forward reactions pre- 
sented in Section 5.1 as possible rate controlling steps 
during bacterial sulphate reduction. Thus these high 
fractionation factors may involve reversibility of the mec- 
hanisms of biological sulphate reduction, but they yield no 
additional possibilities for elucidation of the rate controlling 


steps. Therefore the forward reaction steps must be modified 
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to include full reversibility,with the additional steps being: 


VII. the internal sulphate accumulation and a back 
regctron to external sulphate, 

VIII. the accumulation of APS and a back reaction to ATP 
liberating the sulphate ion, 

LX a sulphite accumulation and a back oxidative 
react i0ntoUAPS . 

x an internal HyS accumulation resulting in the back 
oxidative reaction to sulphite, and 

AL. an accumulation of H5S in solution which re-enters 


the bacterial cell. 


The possible steps involved in biological sulphate 
reduction are believed complete. It is now necessary to 
discuss each step in terms of known experimental evidence, 


to determine which steps are rate controlling. 


9.3 The Rate Controlling Steps 


An attempt was made by HARRISON and THODE (1958) 
to explain the mechanisms controlling fractionation during 
sulphate and sulphite reduction. They concluded that the 
breaking of the S-0 bond during the reduction of sulphate 
to sulphite, was the dominant process controlling fraction- 
ation at low rates of sulphate reduction. This S-0 bond 


rupture was believed to possess a kinetic isotope effect 
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of 22 © fea. which does not adequately explain more recent 
data where much greater fractionations have been observed 
in both laboratory experiments and in nature. 

The temperature, sulphate concentration, electron 
donor, and pH, within the normal physiological range of 
these parameters, were concluded to influence fractionation 
only in so far as they influenced the rate of reduction 
(KAPLAN and RITTENBERG (1964), and KEMP and THODE (1968)). 
Thus it was concluded that the rate controlling step must 
be one or more of the forward or backward reaction steps 
previously outlined. 

The initial step (Step I) of the bacterial reduction 
process is the uptake of sulphate by the bacteria. This 
process is first order with respect to sulphate at low sul- 
phate concentrations (HARRISON (1957)). At higher concen- 
trations, the rate of sulphate uptake is independent of the 
Sulphate concentration. Here the limiting factor is most 
probably the supply of an enzyme which complexes with the 
Sulphate ion to transport it across the bacterial cell wall. 
REES (1973) treated this step as zeroth order with respect 
to sulphate, and postulated the establishment of steady 
state conditions at such concentrations. If the rate of 
entry becomes rate controlling, then no matter what isotope 
effects are possible in the reduction phase of metabolism, 


the isotope effects observed will be only those due to entry 


Of the oxidant. 
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The bacterial uptake of Sulphate was concluded by 
KAPLAN and RITTENBERG (1964), KEMP and THODE (1968), and 
REES (1973) to have a negligble isotope effect. If the 
rate of entry of sulphate into the cell was rate controlling, 
then at low reduction rates the fractionation would have 
been almost zero. This is not in agreement with experimental 
evidence, since with lactate or ethanol as the electron donor, 
the fractionation rate was observed to be inversely propor- 
tional to the rate of reduction. REES (1973) noted that this 
first forward Step I possessed an inverse isotope effect of 


- 3 ° 700, so that 534 


0, uptake is favored over $0) uptake. 
He also concluded that the isotope effects in either the 
forward (Step I) or backward (Step VII) steps involving SO, 
uptake, were probably small since they are associated with 
reactions where the oxidation state of sulphur is not 
altered. 

Hence Step I and Step VII of the reaction sequence 
were concluded to be not rate controlling, except at low 
sulphate concentrations. These processes, as concluded 
by REES (1973), were then zeroth order with respect to 


Sulphate concentration. On the other hand, the passage of 


HS from the cell is presumably fast and hence not rate con- 


2 
trolling since HoS is toxic towards cell constituents. 
REES (1973) concluded that Step VI, the passage of H)S 


from the cell, involved only a small isotope effect and 
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was not rate controlling. He also concluded that the 
backward Step X1 possessed a small isotope effect and 
Was Similarly not rate controlling. Thus the rate con- 
trolling steps are to be found during the reduction of 
Sulphate and/or sulphite in the bacterial cell. 

Steps V and X involve analogous but more compli- 
cated enzymatic processes than are involved in $0,750, 
reduction. The present study (Section 4.5) and the in- 
vestigation of MIZUTANI and RAFTER (1969) have shown that 
the rate of controlling step occurred in both S0,-S0. and 
S03-H,S reduction, hence it must have involved some bio- 
chemical process common (analogous) to each. 

The bacterial reduction of Sulphate solely by a 
Sulphate reducer as Desulphovitbrio desulphuricans did not 
permit other investigators to realize that rate control 
was common to both S04-S04 and S03-H,S reductions. 

Although detailed biochemical mechanisms of sulphite 
reduction are not known, it is assumed that a similar 
enzymatic pathway should have been the reduction mechanism 
for SO, - H,S reduction. This would have been somewhat 


3 2 
more complicated in that three oxygen atoms are removed as 


compared to only one in the SO, - S04 reduction. Regard- 
less, both reduction processes were observed to be rate con- 
trolling when all other parameters apparently were constant. 


Hence the rate controlling step was not sulphate 
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nor sulphite reduction, but rather some bacterial process 
common to both reductions. Thus Steps V and X can be 
eliminated from the list of possible rate controlling 
steps. 

It should be noted that the poor yields of other 
investigators and the present study were most probably 
a result of the experimental media employed. MIZUTANI 
and RAFTER (1969) and NAKAI and JENSEN (1964) obtained 
good yields employing media found in nature, since these 
materials are much more complex than simple laboratory 
preparations. Also the electron donors used in previous 
investigations were not materials found commonly in nature 
(lactate itself is not so abundant in nature). Acclimati- 
zation of the bacteria to these artificial nutrients was 
then a possible explanation for the poor yields. KEMP and 
THODE (1968) found strains that would never acclimatize to 
laboratory media. Hence the apparent fastidious nature of 
microorganisms in laboratory experiments may have been 
solely a result of poor medium acclimatization, poor choice 
of electron donor, enzymatic and cell deficiencies in the 
media, and difficulty in microbiological utilization of 
non-natural energy sources. 

Actual rate control may be linked to a poor accli- 


matization of simplified media constituents and inorganic 


energy sources. Furthermore, the detailed biochemical 
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mechanisms of energy source reduction by sulphate and 
Sulphite reducers is still not fully understood. The 
SO - SO. reduction process has been investigated as 
outlined previously from BROCK (1970). KEMP and THODE 
(1968) mentioned specific details of this reduction 
that were noted in BROCK (1970), but were the results 
of investigations by POSTGATE (1956), ISHIMOTO, KOYAMA, 
and NAGAI (1954), ISHIMOTO (1959), and PECK (1959, 1960, 
1961, 1962). At present the enzymatic requirements 
involved are not understood well enough to permit good 
laboratory experiments to be carried out ( i.e. 100 % 
reduction of available sulphate). 

If enzymatic requirements are the basis for the 
poor yields reported, then only further microbiological 
anvestigations wid Aéclarifyethisealack of understanding 
concerning the microbiological reduction of sulphate 
and sulphite. If poor aeclimatization by the bacterial 
Strains is not rate controlling, then the possible steps 


that could have controlled the reduction rate should be: 


10 the transfer of electrons at the reduction site, 
III. the assimilation of sulphate by ATP, 
TV. the reduction of APS to sulphite, and 


DX. a sulphite accumulation involving a back oxidative 


reaction to APS, 


re 
bas odpilg tue xd oonmewnedeclnl 
g AT pourehabnd vfte tow Trayek Bo 
es batsolhresnat nied anit #e9504"y nots auber” 
JQONT bre A490 . (OT8F) 42099 ‘mov? vtevotvend t 
norjoubey zit. Fo 2fisiee aHttooee 
orfyes4 of han fwd , COCET) HONS at 
LAMRYOR , OTOMIH2T - CORGHI 7TAaT208 ia 
oot ,¢2eP) 4994 baw Reet) OTRMTNEE Gf 
2snamonthuyoy opens ad Spee 
boop diaisq of puens flew boot eyabne dow ae 
‘ DOT .5.t ) tuo beeen O8 OF espn vagea 
(otedqre ofde frave 
git toh 2eead SHO O18 eyaemenbapey: | 
fsotpotorders tr teriret eens wos, badwager 
oithbrsretsbey To Joel hae “itrets PEW at 
stadgiue to Hott auey ’ Feptyorerdors tm’ aid gi 
fsinestond ott YO ouktesttemtitee yoeq RG 
2qes2 of dt aeag ‘ots  weny Leni Piotswas sitey | 
‘9d bio 5J6% npveouber: oy bet torsnos: 
\ | hiro 
pote nottoubay omy fe iain Me | | 
ATA Ye sesidarue: Yo wutseTimteen le 
etd acaba | 
syitibixo toed 's b 


t52 
Extensive study is still needed to completely under- 
stand rate control during microbiological Sulphate red- 
uction, and isotope studies may not be solely capable of 
providing all the solutions. However, isotope data can be 
analyzed to yield information about some of the physical 


processes involved. 


5.4 »ksotope Effects 


When a substance continuously loses material that 
had a fixed isotopic ratio relative to that of the remain- 
ing substance, the Rayleigh distillation equation is app- 
licable. To express the change in isotopic ratio in terms 


of the "del" notation, the Rayleigh equation 
6 - 6, se hOOOs (cm scl scl n 


is employed. Here 54 is the isotopic composition of the 
Original Sulphate, nee the isotopic abundance patio. or 
the sulphate when the fraction of sulphate remaining is F, 
and a is the average kinetic fractionation factor for this 
process. The enrichment factor 1000(a-1) was calculated for 
both sulphur and oxygen isotopes in the sulphate ion. The 
results appear in Table 5-1. The ratio of the sulphur-34 
enrichment to the oxygen-18 enrichment in the sulphates was 


found to be approximately 4:1. That is, the enrichment re- 


Sef a byt ; 

-ysbew y¥farslaioo of Baba Peete ek qbuta 
-bay sredqive festpaforeovalin pniaub | Te wakes 
yo sldsqso Vislex od tom yaw asthure aqosoet ba 

od nea pieb sqadocr , rekewel . gadhaetoe gat 


; 


bly} 
sotevdg ond FO certea deeds WeRRemIOr Ee? orate 4 us 


7! .< 

‘ bev fovah 28, 
‘ “@29STT? Se 

Sas 

‘oid [etrerem. 2a2ef vteweurt ded: sonas aides 


1 


vtemey out to dads of evipahey efter or a 

i” eo - 
atad p 

~cis ef nordeups nobsat (tere dp tatyea. walt ee 


emyes of ofdes otqetoel at Sprers. ond vy } 


not? supe set erend ody bo ae 


Ao x C. weoae: - ih halved | 
a Orch wt a 
sid 70 Beene aan on oe 


ar 


Tot pubateaar “veadahus ae wotaaee on nod at 


26d? 10% vodo8t nofteaotionyt 3 ot vant beet: 
_ vor bade (Uotpon sew (Ts) 0008. — aa 


. nus? 
ee 
7 


ait, not soedqtue ait: ah eh antes 
AE~dudatue: od& beaks! | 
26W asderiy Sve, aud i Fas 
~34 Seaman aie 


G2°b 
18° = 
Lp-9l 
Lpez 
66nc 
29°6 
bb'6 
ge°e = 
8S°9¢ 
1€°S 
Ole = 
£0°22 
(1-°) 0001 
(1-°©)o001 


€°bp GOL 
evi Zoe 
80 -E4¢ 
ae ee A 
ed Bad aa 
VC. 966 
i ne ee) 
S90 2 
‘Pu gr¢ 
el ima si! 
b°6 9°9€ 
bee Gen 
pc 928 
Pt 68-5 
5 are dons 
ve S “Ose? 2 
ae ay, 
Lal “yey 
O20: (Omar 
Re Neer Ae 
Fag bee SI 
0 S$ 
(L-©) 0001 


60t° 
Svcs 
tZex 
Dece 
000°0 


009° 
eS 
PLS 
G69. 
000°0 


SOE * 
SoCo 
ccc 
00° 
000°0 


213° 
009° 
hOSs 
O8p° 
Epp’ 
000°0 


om B ox 


ayeyudins Jo uolzonpau LeLuazoeq ay 
Butunp azeudtns ut sadojz0sit unydyns pue uabsxo 4o4 
(©) S40z9e4 UoLzeUOLZ.eUY DLPIULY BYR 4O UOLZe]L ND, ze) 


4 
UuOL}QORUY 


Sv "0 
62°0 
67°0 
ee 0 
00°0 


98°0 
ce 0 
“Dp ¢u 
92-0 
00°0 


cO*L 
C90 
exalt 
97°0 
00°0 


06°0 
390 
vv°o 
Lv°o 
8S ~0 
00°0O 


(<0 9-910 2) 
(00/,) 


VO aC 
av ¢ 
cee 
6 | 
00°0 


OLS 
OM er 
B.Ooue 
cO°? 
akg 
00°0 


0 
(neS e- 42S 9 ) 
a}zyeudins 


}-G oglqeyt 


OoO-wNMOS OrNM St Or NOM tf 
' y : 
NNN N AS MMMM MO soerdcccgd 


Or-NMOM TWH 
i 
posal cell seemed sell esol sed 


Aaquny 
uasuLtoads 


¢aa* 


ear 


1e°2 


= 3°83 


j 
8 
3 
“0 


j 
0 
J 


are +2 
G) <2: 99 
o7Aw io 
eu cn 

oe A 


SeNs 


peng 


pin oa 


ee | 


ete te te 


154 


lationship between the two kinetic fractionation factors was 


calculated to be 


The kinetic fractionation factors (a) calculated 
using the Rayleigh distillation equation, were average frac- 
tionation factors for the bacterial reduction process. The 
relative enrichment ratio of the two isotopic species was in 
agreement with that observed by MIZUTANI and RAFTER (1969) 
during their independent but concurrent investigation. In 
spite of the differences in media, organisms, and techniques 
of both studies, this 4:1 ratio remained relatively indepen- 
dent of all factors save the presence of sulphate reducing 
bacteria. An extensive analysis of their data appeared some- 
what out of order because of their employment of several 
flasks. However, since with pure cultures (present investi- 
gation) a similar phenomena was observed, it seemed reasona- 
ble to analyze their observations further. 

The kinetic (average) fractionation factors (a) of 
both studies yielded enrichment ratios of about 4:1. The 
fraction fractionation factors (8) for each sulphate fraction 


removed did not appear to follow the trend of the kinetic 


fractionation factors (a). The fraction fractionation factors 


(8) were calculated for both investigations as follows. 
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Sample 1-1] removed at 35. reaction, eos 1.0049 


ong: L.0013 


Sample 1-2 removed’ ‘at’ 38.1” reaction, ie: 1.0042 


rs 1.0010 


mor. this period... the, sulphur By_5 was evaluated using the 


relationship 
(8,_)(% reacted) = [(% reaction) (a, _4)] - [(2% reaction) (a,_,)] . 
where numerically for the interval under examination 

(8) 5) 5 (38.1 = 3528) =2¢(38)1)(190042)) 224353 8) (140049) 
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Similarily for the oxygen isotope fractionation, 
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The fraction fractionation factors (8) for the bacterial 
reduction of sulphate experiments are recorded in Table 
5-2. The ratio of the sulphur to oxygen isotopic enrich- 
ment yielded values much removed from the consistent 4:1 
observed with the kinetic fractionation factors (a). The 
data of MIZUTANI and RAFTER (1969) also was investigated 
and similar results were noted ( Table 5-2). Both studies 
yielded varying enrichment ratios, but the mean was app- 
roximately 4:1. These fraction fractionation factors are 
expected to give wider fluctuations than the kinetic fra- 
ctionation factors because of the accumulation of random 
envors involved ini their calculation. Ofednterest, Asathat 
even the Wildest fraction fractionation factors, are) con- 
Sistent with the 4:] ratio.( Apparently first order kin- 
Btics areinot applicable unlessydust theskinetic fraction- 
ation factors are considered. Recently REES (1973) con- 
cluded that such bacterial reductions were not first order. 
This will be discussed more fully in Section 5.2.) The 
fractionations observed in the present investigation will 
also be discussed later ( Section 5.2 ), and explained in 
terms of non-microbiological fractionation arising from 
enzyme mediated chemical equilibrium. ) 


The relative isotopic enrichment observed during 


the bacterial reduction of sulphate was calculated to be 
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Table 5-2 The fraction fractionation factors (8) for 
oxygen and - Iphur isotopes in sulphate 
during the terial reduction of sulphate 

Present Study Mizutani and Rafter (1969) 
specimen ae uel 
Number re a te Be Be Bg! 
»- 1 1.0049 y.10 Osles Cea 3 
i - 2 0.9935 0.9957 1250 
m- 3 0.9966 0.9980 Tae 1#.cOteks recon 7266 
y- 4 T0078 1.0026 2.98 ke OSee Beets 2.60 
mp 5 1610:0,5:2 1e00141 4.68 
e- | 1.0097 lauo23 ai 20 VOR VeQ023 4.70 
Ee - 2 0.9747 0.9941 4.28 1028 1.0050 2.46 
a= 3 Pe0Z2 60 Teal7 0 Set 1.00718 1000} - 
mp ~ 4 1.0689 10151 456 029937 1.0034 GO 
a - | 1.0019 1.0004 fe 1.0140 1.0045 Sill 
Be - 2 0.9094 Nise de Awad fl O3'68 1.0189 13589) 
eS - 3 0.9716 Ne cc. ni kd 0.9933 0.9875 0.54 
3 - 4 0.8343 0.9560 Bye #6 0.9644 0.9971] By al 
4 - ] 0041 PLGO10 4.09 
4 - 2 1 208) 7:6 1.0048 Br 6 
4 - 3 1.0361 1.0091 3.96 
4-4 1.0074 lewi28 9 Ohess 


mean = 3.38 meanas 3.71 
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about 4.0. The isotopic data as presented in Figure 4-5 con- 
firmed this ratio. The relative enrichment observed was not 
unique, The oxygen and sulphur isotopic composition of sul- 
phate from water in Lake Vanda, Antartica, was reported by 
RAFTER and MIZUTANI (1967b) to possess such an enrichment of 
Bieeusotopess.-.A plot of their 6 S** values for the sulphate 
against the 6 0'® values yielded an approximate straight line 
Orespope.4.0. <At depth, this lake consisted of strongly 
density-stratified non-convective saline water. RAFTER and 
MIZUTANI (1967b) assumed that the enrichment was due to bio- 
logical fractionation. (Biological activity was known to 
exist in this lake.) 

MIZUTANI and RAFTER (1969), as previously mentioned, 
conducted three biological reduction of sulphate experiments 
employing sulphate free wet stream mud as the inoculum. In 
each case, they found the sulphur-34 enrichment of the sul- 
phate to be about four times the oxygen-18 enrichment. Also, 
this ratio was observed to be independent of the temperature 
of the reduction. No explanation was given as to why this 
relative enrichment ratio was approximately four, nor was 
any attempt made to determine the microbiological activity 
in the stream mud inoculum. 

The results of the present study confirmed the 


relative enrichments observed by MIZUTANI and RAFTER (1969). 
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However, this confirmation came from four most unusual sul- 
phate reduction experiments. The inversions were decidedly 
independent of the kinetic or fraction fractionation EaACtOr ss; 
and the. isotopic compositions of the sulphate in Figure 4-5 
Showed that the inversions only produced changes of direction 
along the'iso-enrichment'slope of 4:1. The relative enrich- 
ment of the unreacted sulphate remained constant, whether 
enriched or depleted in sulphur-34 or oxygen-18. Thus the 
biological reduction of sulphate was assumed to always follow 
such an "“iso-enrichment" process, with the reduction demanding 
Sulphur and oxygen isotopic correlation with respect to the 


relative enrichment of both isotopic species. 
Bo The™4:] Rélative 6S** to 60°" Enrichment 


The 4:1 relative enrichment ratio of the sulphur and 
oxygen isotopic compositions was most intriguing. A simple 
explanation involves the initial S - 0 bond rupture. 

The enrichment in sulphur - 34 of the unreacted 
Sulphate was observed to be four times that of the oxygen - 
fem erOor the initial S - 0 bond rupture, -there 1s ascioice 
of four oxygen atoms in a given Sulphate ion; however only 
one sulphur atom is involved. Thus simple statistics sug- 


gests a per atom enrichment in sulphur to be four times 


as great as that for the oxygen. This simple argument does 


not consider bond energies whicn are identified on a theo- 
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retical basis with kinetic isotope effects. 

This relative enrichment ratio should also be able to 
be predicted theoretically, since reaction rate constants 
are different for competitive reactions of isotopic mole- 
Peres. If15 Can be “done from-a statistical’ point’ of view, 
mewrg tne twneory of “absolute rates": The-ratio of the 
rate constants of two isotopic molecules can be expressed 
as a Simple function of the vibrational energy levels of 
the two molecules. BIGELEISEN and MAYER (1947) have app- 


roximated’ this ratio of the rate constants”(e) to be; 
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where , s = the symmetry number of the reactants, 
S = the symmetry number of the activated complex, 
k = the transmission coefficient, 
m*= the effective mass, 
USGo hd] Kits 


= the vibrational frequency of the molecule, and 
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(iestiTticulty in utilizing the Bigeleisen - Mayer 
relation rests in the lack of information concerning the 
activated complex. One also has the problem of deciding 
a value for the effective mass. In practice, various 
approximations are made ( REES and THODE (1965) ) to see 
which theoretical model best fits the experimental data. 

The simplest model to consider is that where the 
reaction is approximated by a simple S - 0 rupture. Two 
cases can be considered. The activated complex is the 
completely dissociated molecule, in which case 
aie F t yeas U. T 29 GeGase 1s) 

The second possibility is that the activated complex is 
Similar to the reactant S - 0 bond, in which case the 
fnetic isotepe effect is simply given by the tefrective 
mass term ( Case Ili.). In both situations, different 
effective mass terms may be tried, such as S - 0 (atoms) 
and S0., - 0 (fragments). 

Since G(u) has been tabulated by BIGELEISEN and 
MAYER (1947) as a function of u in a convenient form for 
rapid calculation, the ratios of the rate constants for 
isotopic substitution in these two cases can be evaluated. 


i i 7: follows. 
The calculations are summarized for each case as 
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RATIO CASE 1 CASE Mt 
Atoms Fragments Atoms Fragments 
K 32 
aa 1.02695 1.01891 1.00994 1.00204 
34 
K 16 WELOGAGe ¥hal i772 1.03931 1.04990 
K 18 
K35 
ge - 1 
34 
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( All data ( vibrational frequency, etc.) from HERTZBERG. ) 
Hoc tt cam be seen that the’ 4:?t “atio of 6S" 7700-3 eis 
not predicted by a simple S - O rupture model. Indeed, the 
relative enrichments , as shown in the last line of the above 
Beta. eoT (sit onur?-" 34 and oxygen “= "I8*are, Teversed, 
Inas whore problem is turther "compttcated By tiemrecent 
findings of MIZUTANI and RAFTER (1973) , where the 60°° 
Value of the sulphate remaining in the bacterial reduction 
was observed to depend upon the 60*° value of the water in 


which the sulphate was reduced by the bacteria. They inter- 


preted this as an oxygen isotope exchange between the sul- 
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phate oxygen and the water through intermediates in the 
pactertal reduction of sulphate. 

The laboratory experiments of MIZUTANI and RAFTER 
(1973) involved both mixed and purified cultures. Extrap- 
Sretion Of Their findings yields SHA07® values which would 
give 4:1 relative enrichments, however, the corresponding 
6H,0°® values differ for each experiment and range widely 
i+i2 -/oo to -10 °/oo ):. The implications of their work 
seem tO Suggest that the 4:1 ratio does not have particular 
Significance. However, at this time the 4:1 observation 
Should not be so readily dismissed. The work of MIZUTANI 
and RAFTER (1973) cannot adequately explain why so many 
workers have found the 4:1 ratio in laboratory experiments 
( LLOYD (1968), MIZUTANI and RAFTER (1969), the present 
ucy.) and vineterrestrial situations. ( MIZUTANT and RAFTER 
1967), MEZUTANT “and RAFTER. (1969) >). 

No doubt, the fact that their reductions were carried 
out for up to 89 days was a factor in promoting oxygen 
isotope exchange, and can account to some extent for the 
difference between their work and that of others. However, 
tais argument 1s not, the limitation since the 4:1 ratio 
has been observed terrestrially. 

The study of MIZUTANI and RAFTER (1973) did not 
follow first order kinetics. Their data indicated that 


back oxidative reactions do occur, and are an integral part 
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of biological sulphate reduction. This was also reported 
by TRUDINGER and CHAMBERS (1973) using S25 label. Thus 
the pathways available for 5047S037H,S reduction are many, 
and the role played by the intermediates and back oxidative 
reactions has yet to be fully understood. The relative 
Parichment of oS 7.60 ° “has to depend upon the physical 
and chemical effects involved in both the forward and 
backward reactions. 

It is hard to believe that the 4:1 relative enrich- 
ment ratio does not have special significance when in this 
thesis, it was encountered persistently during both normal 


and inverse kinetic isotope effects. 
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B6BG 
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8683 
B6G4 
B65 
0646 
0697 
0618 
6611 
S612 
9613 
G614 
B615 
0616 
0617 
6629 
0621 
9622 
9623 
0624 
8625 
0626 
0627 
6632 
631 
6632 
9633 
9634 
0635 
0636 
G637 
0643 
D641 
8642 
643 
0644 
9645 
0646 
647 
0659 
9651 
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1606 
3302 
1792 
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1271 
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1792 
735138 
1460 
3274 
2382 
1732 
1438 
7141 
7438 
eal 
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4a, 43 
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3303 
220 
1793 
pnd 
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2393 
3277 
7106 
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3391 
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L246 
1274 
7510 
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/ SIGNED DECIMAL PRINT »s DOUBLE PRECISION 
/ CALLING SEQUENCE: 


/ 1> JMS SDPRNT 7 CALLED 
/ 2) HIADDR / ADDRESS OF HIGH ORDER 
*6GG 
SDPRNT» DAO 
JMS I ZERDEC / ZERO CHECK 
TAD I SDPRNT / GET ADDRESS 
DCA SDGET ! 
TAD I SDGET / HIGH ORDER WORD 
SMA CLA / NEGATIVE ? 
TAD SDPLUS 7 NO 
TAD SDMNS / YES 
LAD SDTWO 
JMS WNTYPE 
LAD J SDGET 
SPA / POSITIVE ? 
CMA CML 
DCA SDHIGH 
LSZ SDGET 
TAD I SDGET 7 LOW ORDER WORD 
LAS / BENKeSEDe? 
GMaeCLL TAC 
SZ. / OVERFLOW ? 
ISZ SDHIGH 
DCA SDLOW 
TAD SDLOOP / SET DIGIT COUNTER 
DCA SDCNT 
TAD SDADDR / SET POINTER 
DCA SDPTR 
1SZ SDPRNT / SET LINKAGE 
SDARND» TAD I SDPTR / POWER OF TEN 
ISZ SDPTR 
DCA SDHSUB 
iilael SDP TR 
152 SDPTR 
DCA SDLSUB 
SDDO> ane / DOUBLE PRECISION 
TAD SDLSUB / SUBTRACTION 
TAD SDLOW 
DCA SDTEML 
RAL 
TAD SDHSUB 
TAD SDHIGH | . 
SPA / UNDERFLOW ? 
JMP SDOUT 7 NO 
ISZ SD380X / YES 
DCA SDHIGH 
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Q657 
9669 
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Q662 
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B664 
A665 
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B667 
B67 
2671 
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8673 
G674 
B675 
B676 
O677 
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O7G1 
9792 
6703 
H7GA 
Q7GB5S 
G746 
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O710 
O9711 
@712 
0713 
O714 
715 
D716 
Q717 
2729 
Q721 
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0723 
724 
8725 
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9727 
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1391 
3275 
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7208 
1392 
1270 
4551 
3300 
2723 
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5680 
Thhl 
O14 
9260 
7763 
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BBO 
DO90 
BBOO 
9990 
OOO 
BAGG 
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BOBO 
BBB 
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TT 47 
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7775 
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1777 
7766 
8777 
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4339 
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SDTWO» 
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SDMNS » 
SDCNT > 
SDHIGHs 
SDLOW » 
SDHS UB » 
SDLSUB s 
SDBOX> 
SDTEML=> 
SDGET > 
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SDCONL=>» 
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JMP 
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DCA 
LGZ 
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TAD 
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DE bey ire 
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PACK AUP Apa Gas 


T¥RED si DLGLIS ? 
NO 


bi ces 
COUNT 7 
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POWERS OF TEM 
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-15998 
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CARRIAGE RETURN 
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%762 
0763 
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CLA CLL 
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ABOB 

TAD M3 

DCA TABCT 
TAD kK2 4% 
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ISZ TABCT 
JMP 2-3 
JMP I NTAB 
BAB 
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TAD LOCTON 
DCA XOKRSLC 
JUMP TA DLPCHG 


AAGG 
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JMS 
TAD 
JMS 
JMS 
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JMP T*DEPXOS 
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1913 
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7 READ VOLTMETER VALUES AND FIND THE MEAN 
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TAD 
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PSZ 
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TAD 
CIA 
DCA 
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DCA 
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DCA 
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DCA 
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TSzZ 
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MMM6 
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GMHI 
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NEGATE 
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£iG5 
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1119 
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GMPRPT » 
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TAD STORE 
JMS 31 TRIAPT 
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TAD OLXIPT 
IAC 

JMS I LINE 
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TAD GMLOW 
TAD OLLO 

DCA GMLOW 
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TAD OLHI 
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DCA GMMED 
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DCA GMHI 
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NO 
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AVERAGES FOR GRAND MEAN 


TAD INTIME fi sel auP sBOr MEAN 
DCA TEMP 

TAD GMTIME 
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TAD GMPT 

aMS@l TRIDIV 

TAD TEMP 7 RESTORE INTIME 
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TAD GMPT 
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1133 
1134 
1135 
1136 
1137 
1149 
1141 
1142 
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1144 
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1158 
1151 
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1154 
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4459 
1432 
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T1440 
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S360 
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ONWARD » 


M316 > 
M323» 
M330 » 
SAMPLE» 
PARMPT » 


JMS 
“14 
KCC 
JMS 
TAD 
DCA 
CLA 
TAD 
TAD 
SZA 
SKP 
JMP 
CLA 
TAD 
TAD 
SZA 
SKP 
JP 
CLA 
TAD 
TAD 
SZA 
Sale 
JMP 
JMS 
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JMS 
JMS 
JMP 
-310 
SEAS 
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GAGA 
PAR™M 


I WRITE 
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XOR SOR 
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M332 


ONWARD 
Et a 
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M323 


ONWARD 
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READVM 
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ERROR MADE !! 


CORRECT SYMBOL 
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JOM ¢ 
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1299 
1291 
1262 
1243 
1204 
1205 
1206 
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1226 
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P2234 
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Sats 
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Reis 
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43230 
Seg 
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DOUBLE PRECISION BCD TO BINARY 


/ 

4 CALLING SEQUENCE: 
f, 1) JMS “DOUBLE 
/ 
/ 


2) ADDRESS OF HIGH 
RETURN WITH ADDRESS OF 


HIGH IN 
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CONVERSION 


ACC 


ALSO CONTAINS SINGLE PRECISION BCD TO BINARY 
CALLING SEQUENCE: 


3 BCD CHARACTERS 


a) BMS CDS iN 


/ 
/ 
/ 1) CCAC) = 
/ 
Z 


RETURN WITH ANSWER IN CCAC) 
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L-<nD Ile 
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TAD M79 
DCA STARLN 
TAD KkK252 
wie 1 LYE 
ISZ STARLN 
JIMP e738 
1 ie Lae Gt BS 
JMP +6 
JMP I PARMPT 
=710 


2BIG 
252 

PARM 

JMS I CRLF 
JMS I CRLF 
JMS I CRLF 
JMS I CRLF 
M5 calr 
JMS I CRLF 
JMS I CRLF 
JMS I CRLF 
JMS I CRLF 
JMS I CRLF 
JMS I CRLF 
DCA TEMTQ 
TAD MN260 
DCA I LCNI 
TAD MIN 
Hea oh abi) 
JMP PAROUT 
COE 

-3 

-269 

33.46 
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7 LINE OF STARS AND 
/ CRESS TOGEND THE 
7 PROGRAM 


rT 


git. * 
RRO * 
emees 


1 406 
1491 
1462 
1403 
1404 
1405 
1406 
1407 
1410 
1411 
1412 
1413 
1414 
1415 
1416 
1417 
1429 
1421 
1 422 
1423 
1424 
1425 
1426 
1427 
1430 
1431 
1432 
1433 
1434 
1435 
1436 
1437 
1443 


1441 
1442 
1443 
1444 
1445 
1446 
1447 
1459 
1451 
1452 
1453 


GAGD 
7 
3266 
bles 
3297 
452 1 
OGBB 
B9BB 
3449 
1-32 
3426 
13526 
3114 
ees 
1526 
3115 
abe6 
1526 
St-16 
1129 
6 | 
141 <7 
4522 
BOBS 
S26 
1526 
3187 
2126 
1526 
3116 
M27 
4554 
96998 


OGG 
1042 
4433 
7745 
4453 
4453 
6932 
4459 
1900 
4575 
4574 


/ DOUBLE PREETS ION’ DIVIDE 


*1 409 
DVDRAT >» 


MULT» 


ADDRSI1 5 


HAPPYS » 


BOBO 

TAD DVDPT 
DCA MULT #1 
TAD TENSPT 
DCA MULT +2 
JMS I DMULPT 
AQOa 

0009 

DCA DV1 
TAD DV2PT 
DCA ADD 
TAD I ADD 
DCA Dv2 
ISZ ADD 
TAD I ADD 
DCA DV3 
ISZ ADD 
TAD I ADD 
DCA DV4 
TAD DVSPT 
DCA ADDRS! 
TAD DVDPT 
JMS I DBDVPT 
09GB 

DCA ADD 
TAD I ADD 
DCA QUOTI 
ISZ ADD 
TAD I ADD 
DCA QUOT2 
TAD QUOTPT 
JMS I LINE 
JMP I DVDRAT 


BABA 

TAD CHARG7 
JMS I WRITE 
-33 

JMS’ elas 
JMS I TAB 
KCC 

JS) BAAS N 
NOP 

JMS I MUMCRT 
JMS I DELETE 


To 


/ EXPECT STORED 


4 DV1>5 


7 AND DVSOR2 


Uete 


NaN SNS 


/ JES 


DV2 > 


STARTS 


DVSOR1 » 


TYPED OE THE 
RESULTS ARE SAT 
ISFACTORY 
MORE SETS OTHER- 
WISE 


e THREE 


ey 


(Canote POStss 
rao7vao «GV «iV % 
» 8Roev0 GHA: N 


at AL ART RN N 
=tAG BAA SluEaA’ 
ASAT THOT OAWET'S 
-SRHTO 2TA2SRn0OW 


Ph, eTHATE  %.2" os 


1454 
1455 
1456 
1457 
1469 


1461 

1462 
1463 
1464 
1465 
1466 
1467 
1473 
1471 

1472 
1473 
1474 
1475 
1476 
1477 
1580 
1591 

1592 
1593 
1594 
1585 
1586 
1597 
1516 
1511 

1512 


rs 


13514 
Pol 5 
1516 
bol 7 
1526 
Poe | 
bS22 
1523 
1524 
1525 
1526 
Poel 
1539 
3 1 
F532 
hO3S 
hoo 4 


71006 
4446 
4446 
4446 
4536 


BOGS 
1369 
3354 
A358 
3331 
L352 
3354 
1110 
1361 
3116 
1004 
1107 
1354 
3187 
7426 
S331 
1109 
2358 
1351 
13536 
7459 
6% te, 
7300 
13353 
T351 
3351 
7198 
9276 
1320 
b353 
1354 
3354 
1354 
Loo 
71458 
5331 
1386 
Poe 
3351 
9270 
739G 
1301 
7441 
1119 


SORTNO>» 


SQX> 


COMPLXs 


NOP 
JMS 
JMS 
JMS 
JMS 


OBDS 
CLA 
DCA 
TAD 
DCA 
TAD 
DCA 
TAD 
TAD 
DCA 
RAL 
TAD 
TAD 
DCA 
SNL 
JMP 
CLE 
[3.2 
TAD 
TAD 
SNA 
JMP 
CLA 
TAD 
TAD 
DCA 
CLE 
JMP 
CLA 
TAD 
TAD 
DCA 
TAD 
TAD 
SNA 
JMP 
CLA 
TAD 
DCA 
JMP 
CLA 
TAD 
CIA 
TAD 


CRLF 
CRLF 
CRLF 


—~ ei ht ht 


G beks 
ROOT 
M1 
SQXT 
M1 

MM 
QUOTe2 
SQXT 
QuOTe 


QUOT1 
MM 
QUOT! 


SORF 


ROOT 
SQXT 
K4980 


COMPLA 
CLL 

M2 
SQXT 
SQXAT 


SQX 
GEL 
Me 

MM 

MM 

MM 
K3776 


SQRF 
CLE 
M1 
SQXT 
SQX 
Cit 
SQXT 


QUOTe 


MEANNF 
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DOUBLE PRECISION 
SQUARE ROOT OF A 
DOUBLE PRECISION 
NUMBER » EXPECTED 
IN QUOTi AND QUOT2 
WITH RESULT IN 
QUOT2 . 

SINGLE, PRECISION: -« 


/ DOUBLE PRECISION 


7 ROUND OFF 


Sa] 


wosergava ZIeved \ 

& % FOO) AnPvvd 
HWOLRLORAS S.1HUOC 
GQaTS3sks « ASMA 
Tout Gam {TOW VI 
Vy Tween WTI 

« STonoW N 

« “VOLTZIisan" BSiowie 


7 # # £2 


‘Ole TOISAS S.1eu00 \ 


R30 GQUWOH ‘N 


P30 
1536 
1537 
1544 
1541 
1542 
1543 
1544 
1545 
1546 
1547 
1558 
1551 
1592 
h553 
1554 
Peo) 
1556 


3112 
bit 
1110 
1351 
7560 
2350 
713069 
1354 
3119 
3107 
5661 
O9GB 
BOB 
Adihe 
71776 
BOGB 
3. 16 
40808 


ROOT » 
SQXT > 
M1> 
Me » 
MM» 
K3776>5 
K4902 > 


DCA 
TAD 
TAD 
TAD 
SMA 
LSZ 
CLA 
TAD 
DCA 
DCA 
JMP 
9084 
BOND 
= 
2 
BOG3 
37246 
460% 


QUOT2 
QUOT2 
QUOTe 
SQXT 


ROOT 

7 i 

ROOT 
QUOTe 
QUOT1 

I SQ@RTNO 
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1690 
1691 

1662 
1663 
1664 
1695 
1606 
1697 
1616 
1611 

1612 
fo13 
1614 
1615 
1616 
R617 
1620 
1621 

1622 


nee) 


1624 
PONS 
1626 
1627 
1639 
1631 
$OS2 
1633 
1634 
B63 5 
1636 
£637 
1640 
1641 
1642 
1643 
1644 
1645 
1646 
1647 
165g 
L651 
1652 
£653 
1654 
1655 
1656 
POST 


AGAG 
S64 
1274 
3166 
1274 
BUSS 
1103 
35S 
Seri. 
BAGG 
1309S 
1944 
3166 
T2704 
2hSS 
3272 
1369 
rere 
11@6 
1658 
S264 
EAS 
4547 
7300 
HAR 
1449 
se 
STB 
JAN 
7386 
hishe 
3672 
1114 
wnke 
1972 
3hily4 
inkl 
3072 
igh 
Bi hi 
1972 
31433 
an ho 
43537 
11907 
3673 
2275 
11190 


*1609 
RATIO; 


AGNRAT » 


RATCONs 


RATIOT>, 


SETXs 


FINELY » 


GO3D 
DCA 
TAD 
DCA 
TAD 
DCA 
TAD 
DCA 
JMP 
92Ba 
CLA 
TAD 
DCA 
TAD 
DCA 
DCA 
CUA 
TAD 
TAD 
SNA 
JMP 
TAD 
JMS 
CLA 
TAD 
SZA 
JMP 


‘Tez 


JMP 
CLA 
TAD 
DCA 
TAD 
DCA 
TAD 
DCA 
TAD 
DCA 
TAD 
DCA 
TAD 
DCA 
DCA 
JMS 
TAD 
DCA 
Loz 
TAD 


NEWXOS 
M6 
CNTR 
M6 
TABCNT 
LOC TON 
KORSL 
RATCON 


CELE 

M3 
CNTR 
M6 
TABCNT 
SOACNT 
GRE 
SOXCNT 
CNTR 
CLA 
ISWHAT 
XORSL 


Pf SEKORS 


Cee 
XOSCNT 


+3 
XOSCNT 
FINELY 
GEl 
DVSOR2 
TEMP T™ 
DV2 
DVSOR2 
TEMPTM 
DV2 
DVSOR1 
TEMP TM 
DV1 
DVSOR1 
TEMP TM 
DV1 
XOSCNT 


I DVDRTO 


QuOoY1 


I XORSL 


XOR SL 
QUOT2 


7 EVALUATION 
TRIS RAITO 


194 


OF 


7 SET COUNTERS 


7 ORAS MOR ras 


4 AN X/S 


7 ADIT Digaiss 


q 


AN 


Vi Cie vik j au saws? ‘ 
! } & NA \ 


2A5TRUOD Tae \ 


+ ene OA 


TL BOIVEG * 


1669 
1661 
1662 
boos 
1664 
1665 
1666 
1667 
1679 
nO FI 
1672 
1673 
1674 
t6TS 


1676 
Foes 
1792 
1761 
1782 
1763 
1704 


1795 


1746 
17087 
1719 
1711 
Ue 
rri3 
bila 
mat 5 
1716 
a i | 
1729 
bi2l 
bi2e 
fies 
aie A 
ni25 
1726 
Pie? 
1730 
Peo 
a ie 
Gee} 
1734 
ge is: 
1736 
37 
1743 


S675 
2e%e 
2ets 
Dee 1 
1106 
7041 
1274 
71446 
S67 | 
56008 
BBO 
BBO 
HOTZ 
BABB 


GAOD 
7386 
Pos 
S315 
3PO5S 
S376 
FARA 
3106 
IBh2 
BAAD 
71306 
3376 
7388 
1376 
1146 
7706 
53366 
Hots 
Saath 
2377 
ee TS 
7049 
Sis 
i7TT 
71456 
S53 
71641 
ori 4 
Bao 
evi 
SPTV4 
Pit 4 
1116 
oTrra 
13804 


ISWHAT» 


SOXCNT > 
XOSCNT » 
M6» 
KORSL» 


STDDVN> 


STDTWO>s 


STDONs 


DCA I XORSL 
iSZ SOXCNT 
52 XORSL 
JMP RATIOT 
TAD CNTR 
CIA 

TAD M6 

SZA 

JMP I AGNRAT 
UMeel RATIO 
AYOG 

BAGO 

=6 

4980 


BOSD 

CLA GLE 
TAD LOCTON 
DCA XORSCB 
DCA NUMT 
DGA STDCNT 
TAD M6 

DCA CNTR 
JMP STDON 
AAAD 

Ghea CLE 
DCA STDCNT 
CLA CLL 
TAD STDCNT 
TAD CNTR 
SMA CLA 
JMP STDFOR 
TAD XORSCB 
DCA XORS 
ISZ XORS 
TAD I XORSCB 
CMA 

DCA DVi 
TAD. I KOKS 
SNA 

JMP +4 
CIA 

DCA DV2 
JMP «+3 
TsZ vv} 
DCA DV2 
TAD DV2 
TAD QUOT2 
DCA DV2 
RAL 


NS 


RETURN WHERE ? 


SYMORE SETS 
MAIN SIX 


EVALUATE STANDARD 
DEVIATION FOR 
Pinot SrA VAGUES 


AFTER 3 MORE SETS 


SUM OF SQUARES 


ee@j 


¢ Skihw MPUTSH 


2f AU JAVES 
| WOTLAT Vad 


son € haVAA 


et 


i 


1741 
1742 
1743 
1744 
1745 
1746 
1747 
1758 
Bes! 
es Yes 
£753 
1754 
Weeks) 
1756 
Pwo 7 
17690 
1761 
1762 
1763 
1764 
1765 
1766 
1767 
1776 
1771 
Pade 
pad 3 
re7 4 
775 
C716 
| ae ae 


ee es 
1107 
Bits 
7100 
Pia’ 
3352 
ERI 
3253 
4521 
YOO 
BAAD 
T1649 
4553 
PO32 
7640 
4353 
4565 
eobS 
a3atS 
2376 
S32 
1106 
7041 
S74 
71659 
S676 
4557 
S787 
BHAD 
BBY 
ABAD 


STDML> 


STDF OR » 


XORSC3 >» 
STDCNTs 
XORS » 


TAD DV1 

TAD QUOT1 
DCA DV1 

GRL 

TAD DVDPT 
DCA STDML+1 
TAD DVDPT 
DCA STDML+2 
JMS I DMULPT 
OBB 

ADAG 

SZA CLA 

JMS I CNTRO 
TAD I DVePT 
SZA CLA 

JMS I CNTRO 
JMS I DEVSET 
SZ AORSCB 
ISZ XORSCB 
ISZ STDCNT 
JMP STDON 
TAD CNTR 

CIA 

TAD M6 

SNA CLA 

JMP I STDDVN 
JMS I NEGT 
UMP 2P STDTWO 
B48B 

ABBA 

BAGO 


7 SQUARE 


/ PINISHED % 


ee Gi Seas 
/ NO 
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er 


SuMALOE 


OaHEIMI4 


. 


2 BBG 
2901 
2992 
2483 
2056 
2007 
2019 
2011 
2eg12 
2613 
2614 
2015 
2016 
2017 
2020 
202 1 
2622 
2023 
2024 
2025 
2926 
2627 
28393 
2931 
2032 
2833 
2834 
2035 
2836 
2837 
26 4G 
204) 
2942 
2043 
2644 
2845 
2046 
2047 
2350 
2051 


AVAG 
7300 
4396 
£337 
3334 
1336 
3300 
4386 
133s 
3381 
1336 
4344 
ISAS 
1373 
3aa2 
1334 
3381 
1336 
4344 
1342 
33 42 
TOBA 
13 0S 
3341 
1694 
3342 
bSSS 
3391 
P3357 
4344 
Boas 
Bo 4a 
1094 
Boils 
1341 
3341 
1094 
1349 
3349 
1334 


1) JMS DMUL 


ADDRESS OF 
RETURN 5 
B ed G I 
*2 08GB 
DMUL> 


NUNN NS NE NES 


AND D 5 


OBB 


MULTIPLIER 


HIGH PRODUCT IN AC 


ETC e 


3s 


Tay. 


SIGNED DOUBLE PRECISION MULTIPLY 
CALLING SEQUENCE: 


2) ADDRESS OF MULTIPLICAND (€ HIGH ) 


CeHIGH, ) 
NEXT IN 


CLA 
JMS 
TAD 
DCA 
TAD 
DCA 
JMS 
TAD 
DCA 
TAD MLTL 

JMS MP4 / 
DCA D 

TAD MPS 

DCA C 

TAD MULTH 

DCA MP2 

TAD MLTL 

JMS MP4 / 
TAD C 

DCA C 

RAL / 
TAD 
DCA 8 
RAL 
DCA A 
TAD 
DCA 
TAD 
JMS 
THD © 
DCA C 
RAL 
TAD 
TAD B 

DCA B 

RAL 

TAD A 

DCA A 

TAD MULTH 


CLE 

TSIGN / 
MLTH 

MULTH / 
MLTL 

MULTL / 
TSIGN / 
MULTL 

MP2 


FETCH AND SET SIGN 


HIGH MULTIPLICAND 


LOW MULTIPLICAND 
FETCH AND SET SIGN 


MULTIPLY LOWS 


MULTIPLY HIGHS 


GET CARRY 


« HOLM ) 
¢ WOH >) 
et Tea 


i= Tee OWA HUFSS ‘SN 
WATT ISETILIM Heth oN 


Uva. Mite whit \ 
: i32¢ GWA HOFFA SN 


PROS VISE T SMON 


chOtH YISTTIOM N 


YHRAD Tae 


« 
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@g@loc 33011 DCA MP2 
eas 337 TAD MLTH 
2054 4344 JMS MP4 
28355 13:41 TAD B 
2056 3341 DCA B 
2857 T0884 RAL 
2660 1373 TAD MPS 
2061 1340 TAD A 
2062 5680 JMP I DMUL / EXIT WITH HIGH 
2063 7402 HLT 
MP 1 » 
2196 9608 TSIGN> BOOS 
2107 1608 TAD I DMUL 7 FETCH ADDRESS 
2119 3344 DCA ADDRSS 
2111 1748 TAD I ADDRSS / HIGH ORDER 
2112 7186 CA. 
mrs 67510 SPA 7 1S ST <0? 
2114 7468 CMA CML YES 
2115 3337 DCA MLTH 
2116 2346 ISZ ADDRSS 
2117 1742 TAD I ADDRSS / LOW ORDER 
2128 743 S7G 
Peet «6714! CMA CLIC TAC 
Paee 8 3336 DCA MLTL 
2126 7439 a7 is 
ae? 2337 ISZ MLYH 
2130 2296 ISZ DMUL 
elol 5786 JMP I TSIGN 
2134 9060 MULTHs SABO 
2135 6080 MULTL> BSBD 
2136 6800 MLTL> DOOD 
2137 9800 MLTH> BOG 
ADDRSS>; 
2140 60900 As B 
2141 @00%8 B>, y) 
2142 9000 Cs 4) 
a Gane See pee / UNSIGNED MULTIPLY 
2145 3306 DCA MP1 
aA6 3373 DCA MPS a 
2147 1374 TAD M12 (eee 
2150 3372 DCA MP3 
2151 7100 Gils 
Eilo> §6061306 TAD MP1 
2153 74018 RAR 
2154 3396 DCA MPI 


ao. 1373 TAD MP5 


ROT 


Hote HTIW LORS 


%. 
Renan HOTA? N 
“3000 HMofeH 
> WP aE Ns 
Cant \ 
nIQSO VOL N 

) 


YISiTJuM Ganeareuy \\ 


efile Sto 


e106 
og Mt | 
2160 
210} 
2162 
2163 
2164 
2165 
2166 
267 
a A) 
6 Og 
Bhie 
a 
2174 


7429 
Sie te ye4 
71090 
1391 
1016 
SEG BS 
ete 
SoDe 
1306 
1619 
7100 
ST4A4 
BABB 
BOBO 
7764 


MP3 >» 
MP5S> 
M125 


0 +3 
MP2 
MP5 
MP3 


MP 4+6 
MP 1 


I MP4 


NEN 


“ 
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Works bien % 
NO 
PE ci 


2209 
2201 
2242 
2205 
2206 
2207 
2218 
eel} 
ec le 
ea 
eeia 
eats 
2216 
Zalbd 
2220 
eee l 


2222 
2223 


e224 
2225 
eccG 
peed 
2230 
eco | 
Beg 
2233 
2234 
2o39 
2234 


2207 
22 40 
2241 
22 42 


ADAG 
3334 
1734 
3335 
2334 
434 
2336 
aasa 
1734 
3337 
2334 
1734 
33 408 
S237 
1342 
1336 
3336 
1084 
1341 
#335 
3335 
7100 
1335 
71440 
9234 
1336 
TSK 
9347 
59346 


1609 
2266 
3334 
1734 


CALLI 


a 


SEI) NGENGNE NEES eNSEEN 


BALI 


22 DG 
DUBDIVs 


RDCONT »s 


NG SEQUENCE: 


JMS DUBDIV 


3) ADDRESS 
RETURN : @GAC) 


OF HIGH 
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DOUBLE PRECISION DIVIDE 


1) CCAC)=ADDRESS HIGH ORDER DIVIDEND 


ORDER DIVISOR 


=HIGH QUOTIENT 


CCDIVND4)=LOW QUOTIENT 

CCDIVND1)=HKIGH REMAINDER 

CCDIVND2)=LOW REMAINDER 
WITH ADDXESS 


BABB 
DCA 
TAD 
DCA 
1SZ 
TAD 
DCA 
rSzZ 
TAD 
DCA 
TSz 
TAD 
DCA 
JMP 
TAD 
TAD 
DCA 
RAL 
TAD 
TAD 
DCA 
(64 
TAD 
SZA 
JMP 
TAD 
SPA 
JMP 
JMP 


/ FETCH DIVISOR 


DIVGO1I » 


TAD I DUS8DIV 


LSZ 
DCA 
TAD 


ADDRS 

I ADDRS 
DIVND1 
ADDRS 

I ADDRS 
DIVND2 
ADDRS 

I ADDERS 
DIVND3 
ADDRS 
IPADDRS 
DIVND4 
DIVGO1 
LDIVSR 
DIVND2 
DIVNbD2 


HDIVSR 
DIVND} 
DIVND1 


DIVND1 


+2 
DIVND2 


RDCON+1 
RDCON 


DUBDIV 
ADDRS 
1 ADDRS 


4 DIVIDEND ADDRESS 


4 HIGH DIVIDEND 


4 DIVIDEND 


/ DIVIDEND 


/ DIVIDEND 


7 GET DIVISOR 


/ HIGH=@6 ? 


4 ¥ie> 


/ HIGH DIVISOR 


GMIOCVTG ARON HPN! 


metvid KaOM HA 
weer TGue wei 


‘YOO degaivig ‘\ 


MMIOTrViLGa wale 
mviadiVEd ‘N 
OOAOLY IN 


quaeivid *% 


POSLVIG Tae NS 


¢ $eMaTeH.\ 


OWN 


CaF | h\ 
\ 


POCTVIC WeabH SN 


22 43 
2244 
2245 
2246 
2247 
2250 
2251 
2295 
2256 
227 
2266 
2261 
2262 
2263 
2264 
2209 
2266 
ecol 
2270 
eat} 
2272 
22/3 
@a/4 
eel 
2276 
eall 
2300 
2381 
2302 
2303 
2304 
2395 
2306 
2307 
2319 
evil 
23ie 
Bol 
2314 
2315 
2316 
e317 
2329 
2321 
2322 
2023 
e324 
e3e5 
2326 
esey 


71990 
7560 
1664 
3341 
2334 
1734 
71439 
7141 
33 42 
7436 
2341 
1345 
3344 
7199 
39387 
336 
1004 
3336 
L335 
7894 
3335 
1336 
1342 
3334 
1894 
4335 
1341 
71426 
59346 
3335 
1334 
3336 
1206 
1346 
T1684 
33 4G 
1337 
1064 
3537 
2344 
S265 
71368 
£336 
1336 
32336 
TAGBA 
1335 
|S he 
3335 
3226 


DIV3> 


DIV2 » 


CLL 
SMA 
CMA 
DCA 
ows 
TAD 
eZL 
CMA 
DCA 
SZ. 
ISZ 
TAD 
DCA 
CLit 
JMP 
TAD 
RAL 
DCA 
TAD 
RAL 
DCA 
TAD 
TAD 
DCA 
RAL 
TAD 
TAD 
SNL 
JMP 
DCA 
TAD 
DCA 
CLA 
TAD 
RAL 
DCA 
TAD 
RAL 
DCA 
ISZ 
JMP 
CLA 
TAD 
TAD 
DCA 
RAL 
TAD 
TAD 
DCA 
JmMP 


CML 
HDIVSR 
ADDRS 


I ADDRS 


IAG CLL 


LDIVSR 


HDIVSR 
M25 
DIVCNT 


DIV2 
DIVND2 


DIVND2 
DIVND1 


DIVND1 
DIVND2 
LDIVSk 
ADDRS 


DIVND1 
HDIVSKR 


Divest 
DIVND1 
SDDRS 

DIVND2 


DIVND4 


DIVND4 
DIVND3 


DIVND3 
DIVCNT 
DIV3 
GEE 
DIVND2 
DIVND2 
DIVND2 


DIVND} 
DIVND1 
DIVND1 
RDCONT 


SN 
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DIVISOR>¢ ? 
YES 


LOW DIVISOR 


CARRY ? 
YES 


SHIFT HIGH 
DIVIDEND LEFT 


COMPARE DIVISOR 
WITH DIVISOR 


CARRY 


ROTATE LOW 


QUOTIENT BITS 


DONE 24 ? 
NO 
TES 


Oe ae 
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¢ #8 nOSIVIG 


é3yY : 
> 

rO2iVvEa wold \S 

4 
¢ CHHAD x 
say 

‘, 

naih Tathe 
ee) OMA vIa \ 
Viti =) AWS \ 
oO421ViG HiPe. \ 
¥ 0 AQ \ 


WO BPATOW 


RTLa TAStpoue 


2331 
2332 
2333 
2334 
2335 
2336 
2337 
23 40 
2341 
23.42 
2344 
2345 
23.46 
2347 
2350 


A pe a) 
opie TS 
east 
2368 
2361 
e3be 
2203 
2364 
AG ape) 
2366 
2367 
2370 
esti 
eae 
e313 
2374 
a3l5 
2376 


fo33 
2696 
EIR 
BAA 
QO9O0G 
DAB 
BOBS 


8839 


DBOBD 
AAOD 
A909 
T7747 
2349 
71396 
woo! 


3371 
ie 
7656 
9364 
ge 
Seg 
ors 
eo 
Pict 
71649 
3963 
oC ee) 


2909 


3P56 
3976 
3149 
3561 

S774 


OUT; 


DVNDPT > 
ADDRS>» 
DIVND1 > 
DIVND2 » 
DIVND35 
DIVND4> 
HDIVSR » 
LDIVSR >» 
DIVCNTs 
M255 

RDCON> 


SET 1 » 
SET? » 
SET3 » 
SET4; 


| COZ 
TAD DVNDPT 7 EXIT 


JMP I DUBDIV 
DIVND3 


=a fee ELD 
ISZ DIVND4 

CLA CLL 

JMP OUT 


DCA SET1 Ff SURT Sets 
TAD I SETI 
SNA CLA 
JMP e+4 
TAD SET! 
DCA I SET2 
Be | late er ha 
foo SE Lt 
Tap YF. SET! 
SZA CLA 
JMP 0-4 
JIMP +5 


3146 
DCA I R2CNT 
JP? Poser 


‘YIAS 


i‘ a 


: a Ted J 


2 400 
2491 
2 492 
2433 
2ARA 
2405 
2406 
2407 
2416 
2411 
2412 
2413 
2414 
2415 
2416 
2417 
2429 
2421 
2422 
2 423 
2424 
2425 
2426 
2427 
2430 
2431 
2432 
2433 
2434 
2435 
2436 
2437 
2448 
244} 
2442 
2443 
2444 
2445 
2446 
2447 
2456 
2451 
2452 
2453 
2454 
2455 


ABASB 
P1165 
T1649 
5274 
Safi 
4577 
1194 
3306 
3336 
3EFS 
STT6 
1336 
1106 
71768 
peo 
1306 
3395 
2365 
PE16 
1785 
3116 
1204 
RLS 
1706 
8415 
1436 
4553 
2366 
2306 
2836 
S213 
1105 
Si#2 
| 
SES 
3114 
1120 
3259 
1117 
4522 
AAG 
3307 
1787 
3107 
2307 
1797 


7 EVALUATION OF STANDARD 


*2 400 
TWCASE »s 


TWGEASS >» 


CASEONs 


DVCASE>s 


ADDRS5S» 


GIGIONG) 
TAD 
SZA 
JMP 
JIMP 
JMS 
TAD 
DCA 
DCA 
DCA 
DCA 
TAD 
TAD 
SMA 
JMP 
TAD 
DCA 
ES Z 
TAD 
TAD 
DCA 
RAL 
TAD 
TAD 
DCA 
SZE 
JMS 
ISZz 
ISZ 
sz 
JMP 
TAD 
DCA 
DCA 
DCA 
DCA 
TAD 
DCA 
TAD 
JMS 
BOBO 
DCA 
TAD 
DCA 
Piz 
TAD 


DEVIATION 


A 
NUMT 
CLA 
NFFS 
FIRES 
I NUMTCR / 
LOCTEN 
XOSSTD 
AGNCNT 
DV3 
DV4 
AGNCNT / 
CNTR 
CLA 
DVCASE 
XOSSTD 
STDXOS 
STDXOS 
DV4 
PeSTexos 
DVA 


DV3 
IMXOSSTD 
DV3 


I CNTRO 

XOSSTD 

XOSSTD 

AGNCNT f 
CASEON / 
NUMT “ 
DVSOR2 

DVSOR1 

DV1 

DVv2 

DVSPT 

ADDRSS 

DVDPT 

I DBDVPT 


RESULT 
1 RESULT 
QuoTl 
RESULT 

I RESULT 
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SEP LOR Shx 


DET OF THREE 


SET UP ARRAY 


ALL DONE 7% 
NO 
SQ ADD UP 


FIND DEVIATION 


“voi yvaAiv ae 


“te a TBE SN 


innHy 2 Tae N 


Yarns TW Tah 


f suvd JA 
OW 
4 GOA. 


VOLTALVAG GAT 5 


204 


2456 3119 DCA QUOT2 

2457 4544 UMS -TASORT / TAKE ROOT 
2469 19041 TAD CHARG6 

2461 4433 JMS I WRITE 

2462 7765 13 

Bios 1127 TAD QUOTPT 

2464 3266 DCA ADDRS4 

2465 4465 JMS I DECPRT 7 PRINT Sh 
2466 6604 ADDRS4>5 DABS 

2467 4446 JMS I CREF 

24760 5640 JMP I TWCASE 

2471 1304 FIRFSs TAD KS 4 ASET HOR ASE 
Sate 3185 DCA NUMT 

Ba93s S205 JMP TWCASS 

2474 11965 NFFS;, TAD NUMT 7 SET OF THREE 
2475 1845 TAD K3 

2476 3195 DCA NUMT 

eazi 5205 JMP TWCASS 


2504 @805 KS; 5 

2585 8800 STDXOS; D 

2596 @806 XOSSTDs; 2 

2507 89008 RESULT, 2 

2516 88230 Q 

2511 92909 AGAIN3s QAO / DEPOSIT AND DO 
2512 7300 GLA: GUE / MORE RATIOS 
P33 3336 DCA AGNCNT 

2514 4562 JMS I XOSMB 

mets 1037 TAD CHARG4 

516 4433 JMS I WRITE / DO MESSAGE 
1) A fie BY} -25 | 

2528 1043 TAD CHARIG 

2521 4433 JMS I WRITE 

2522 7763 -15 

2523 4446 JMS I CRLF 

mae 4 1336 TAD AGNCNT 

2525 1044 TAD M3 

2526 77640 SMA ce 

2527 JMP 2 * - 
2530 ae ISZ AGNCNT 7 MORE DATA: vs 
eat 4533 JMS feast 15 

meee 4535 JMS I DEPOST 

Bega. «8645324 JMP e-T7 

Bss4 4531 JMS I RATAGN 

fees 5711 JMP I AGAINS3 

2536 G4AG AGNCNT; GAWG 

Sos? 0000 STXOSs ADO 7 STORE KATIO 
pao 3375 DCA XOS 


2541 a Pe fe TAD I X05 


POS 


rOO#w SHAT 


rl THITWS * 


og GUA TISOSS@ * 
AOULTTAN APOM N 


42HACEAM OCG \ 


ATAO SAxOmM N 


OLTAH 3n0T2 -\ 


2042 
2543 
2544 
2545 
2546 
2547 
2956 
eal 
Zope 
2993 
2554 
ape 5 Be 
2556 
Boot 
2568 
a6 | 
2562 
2263 
2564 
2265 
2566 
e267 
2578 
S71 
@ot2 
eot3 
e2ot4 
Zoe Bee 


Sill 
aadS 
ice 
3ile 
aols 
1775 
rTAS 
SiLS 
A245 
PIES 
BLS 
3114 
13G4 
KEES 
3113 
eat 
1775 
1111 
3111 
rN i LS) 
WATS 
1112 
3112 
71904 
bit 
Sari 
ee ee, 
BH0B 


XOS » 


DCA 
ISZ 
TAD 
DCA 
ESZ 
TAD 
TAD 
DCA 
ESZ 
TAD 
TAD 
DCA 
RAL 
TAD 
DCA 
ISZ 
TAD 
TAD 
DCA 
hoz 
TAD 
TAD 
DCA 
RAL 
TAD 
DCA 
JMP 
QBGD 


DVSOR1 
XOS 
AOS 
DVSOR2 
XOS 
LAD 
POS 
DV1 
XOS 
[°503 
i xXGS 
DV2 


DV1 
DV1 


XOS 


if 20S 
DVSOR 1 
DVSOR1 
XOS 

T2x%OS 
DVSOR2 
DVSOKe 


DVS OR 1 
DVSOR1 
PS NOS 
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/ READY FOR MEAN 


AASM OR YOQAGh? % 


2600 
2681 
262 
2633 
2694 
2695 
2606 
2607 
2616 
2611 
2612 
2613 
2614 
2615 
2616 
2617 
2628 
2621 
2622 
2623 


2624 
ZOD 
2626 
26cT 
26308 
2631 
2632 


2633 
2634 
£635 
2636 
moot 
2649 
2641 
2642 
2643 
2644 
2645 
2646 
2647 
2656 
oot 


BAI 
71398 
1206 
4433 
T7G63 
5699 
2696 
0215 
9212 
G2 40 
317 
B326 
A365 
0322 
306 
9314 
6317 
Gse% 
ave 
B215 


BOBS 
1386 
3231 
3232 
5624 
OBB 
2OAO 


ABO 
3264 
| ears pe 
T6468 
9244 
1264 
1266 
7650 


S247 


reps Pas 
1264 
adie 
6946 
1267 
4447 


7 OVERFLOW PROTECTION 


'*268¢9 
GNTKOS> 


ERRMES » 


DEC ZERs 


ZRONT » 


ZERCNT » 


ZRAYPEs 


NOZEK » 


ZERO > 


QB3BOB 

CLA CLL 

TAD ERRMES 
JMS I WRITE 
ek 

JMP I CNTROS 
an 

ai Ws 


CLA CLL 

DCA ZRCNT 
DCA ZERCNT 
UMP i DEGZER 
4) 

@ 


0009 

DCA ZLCN 
TAD ZERCNT 
SZA CLA 
JMP NOZER 
TAD ZLCN 
TAD MZ265 
SNA CLA 
JMP ZERO 
ISZ ZERCNT 
TAD ZLCN 
JMP «+3 
TLS 

TAD 3242 
JMS I TYPE 


4 SEND MESSAGE 


(-21 3S (Ce PoDeGo 
7 OVERFLOW 


/ DECIMAL LOCATION 


7 SUPRESS CERUS 


/ TYPE A BLANK 
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HOTTAQ0S JAMT OAD %* 


eORIs 2257s \ 


WHA FR A SSYT 


2652 
2653 
2654 
2655 
2656 
2657 


2666 
2661 
2662 
2663 
2664 
2665 
2666 
2667 
2678 


2671 
2672 
2673 
2674 
2679S 
eG 16 
2677 
21a 
2761 
2782 
2703 
2704 
2705 
2786 
27107 
2716 


2711 

eti2 
2713 
2714 
eiids 
2716 
er17 
2720 
2721 

2122 
2723 
2724 
ef2e5 
2726 
ete] 


Bad) 
$23) 
1265 
T1656 
32 69 
5633 


1270 
4447 
22:32 
3633 
BBB 
7776 
62 68 
D2 49 
9256 


BBHB 
1126 
3276 
1117 
4522 
BAOD 
331% 
1716 
3167 
2316 
1710 
3110 
4446 
4446 
59671 
YBADS 


BOBG 
3325 
thS5 
7640 
S3ce 
4446 
1336 
3155 
5324 
Ap ie ye 
7606 
4465 
GOOBD 
4453 
ot A | 


DEC ZR » 


ZLCN> 
MMM2 » 
MZ260 5 
B2 42 » 
D2 565 


ONEDV > 


ADDRS7 >» 


RSULT » 


LINESs 


LINLCN> 
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FSZECRONT 
TAD ZRCNT 
TAD MMM2 

SNA CLA 

JMP DECZR 
wie, | Z2apYPE 


TAD D256 

JMS, By LYRE 
ISZ ZERCNT 
JMP I ZRTYPE 


OB0S / DIVIDE 
TAD DVSPT 
DCA ADDRS7 
TAD DVDPT 
JMS; LyDBDVPT 
9099 

DCA RSULT 
TAD ¥RSULT 
DCA QUOT1 
152 RSUEE 
FAD, LeR SULT 
DCA QUOT2 
JMS I CRLF 
JMS L «CREF 
JMP I ONEDV 
B96 


% PRINT OUTPUT OQN 
PRS LINE, OF olA 


BOA 

DCA LINLCN 
TAD TABCNT 
SZA CLA 

JMP +5 

JMS I CRLF 
TAD LCN 

DCA TABCNT 
JMP +3 

1SZ TABCNT 
NOP 

JMS I DECPRT 
OAS 

JMS I TAB 
JMP I LINES 


7 PRINT ONE 


S@tVid \ 


VO TUT THEY 
XI2 4o S¥T ha SN 


av TWAS N 
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2731 0999 MBXOS, 9000 / X OR S FOR 
Bisa 1164 TAD NEWXOS 7 NEW SET > 
iss T1648 SZA. CLA 

2734 S341 IMP 445 

2735 1345 TAD PL323 

2736 3563 DCA I SAYLCN 

erst 2164 ISZ NEWXOS 

2749 5344 JMP «+4 

2741 1346 TAD PL3390 

2742 3363 DCS I SAYLCN 

eras 3164 DCA NEWXKOS 

2744 Sho! amr.) Mexos 

ees 8323 PL323 > Ses 

2'146 89330 PL339;5 333 

2747 8880 CORECT; BOOGDB 7 OPERATOR CORKECT ? 
2756 7306098 CLA CLL 

e795! 1162 TAD TEMTT 

elo] 7648 SZA CLA 

Sol he Is03 JMP ‘+8 

2754 1832 TAD XORSOR 

7 is rorT4 TAD MC323 

2756 1642 SZA CLA 

e157 Sore JMP +11 

2769 2182 ISZ TEMIT 

276] 4446 gids F"CREF 

2762 oe Bs JMP I CORECT 7 TES 
2163 1632 TAD XORSOR 

2764 1 af bee) TAD MC339 

2765 T7649 SZA CLA 

27606 S372 JMP «+4 

2767 3192 DCA TEMTT 

2776 4446 gMS I CREF 

art 5747 JMP I CORECT 4 YES 
2772 4446 JMS I CRLF 

4 gs Sort JMP I BACKST 7 NO 
e774 7455 MC323> eo 


2775 7456 MC33G>5 =330 


96S 
a7 2 WO KN 
¢ Tae wan‘ 


ro340D NOTAHRSO N 


easy 
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*3044 

349A 0080 SETDEV>, DVDS / DEPOSIT DEVIATIONS 
sal 7300 Cie. Gils / SEPARATE FROM THE 
3902 1214 PAD DEvT1 / RATIOS ON «360d 
3903 3215 DCA DEV Te 
3004 2215 ISZ DEVT2 
3995 1560 TAD I RICNT 
3996 3614 DCA I DEvT1 
3007 1561 TAD I R2CNT 
3010 3615 Hoa fT DEVI? 
Sytt 2214 I1SZ DEvT1 
wie 8682814 ISZ DEVI} 
3013 5600 ' JMP I SETDEV 
3914 @803 DEVTI, 0) 
3015 @600 DEVT2; 2 
3016 8998 ONGO, QAAG / INTIME AND GMTIME 
3017 10834 TAD CHAR#1 4 SETS »« HOW MANY ? 
30208 4433 JMS I WRITE 
3021 7766 -12 
3022 6832 KCC 
3923 4450 JMS I LISN 
3824 +1032 TAD XORSOR 
3925 4360 JMS TEST / CORRECT NUMBER ? 
3026 3039 DCA INTTME 
3027 4446 wes LoORLP 
3030 1247 TAD BASE] 
3931 4452 JMS I EXPON / EXPODENTIATE 
3932 1835 TAD CHAR®2 / INTIME FIRST 
38933 4433 gus . wis lhe 
3934 7766 -12 
S935 6032 KCC 
3036 4450 JMS I LISN 

TAD XORSOR 
ae ee ams TEST / CORRECT NUMBER ? 
33841 3031 DCA GMTIME 
3042 4446 Rive | ned 
2 TAD BASE 
a, Aaa JMS I EXPON / EXPODENTIATE 
3345 5616 JMP I ONGO 7 GMTIME NOW 
3046 7520 M26G5 =200 
3447 0630 BASE1> INTTME 
3950 0031 BASE2; GMTIME 
3051 9000 NEGIT> anve / EVALUATE THE NEW 


ase 63S 5O4 DCA EXICNI / STANDARD DEVIATION 


Arya heey ety) 
mt “4 ‘har esee 
VaAte ¢ OP TAR ~* 

~ 


vaqTtae 1 


—_ 
> 
i 
* 

~ 
ad 
—_ 
= 
« 
Pd 


JIL APIPSQOYAS 
Feonin SMLTAL SS 


a 


HAaMUY TOSRROQD N 


\ 


3TALTAHSGO"“4S 
WOW SME TMS 


“ # 


wih BHT aT ovJAVa 
“ZOTTAIVAG Ghadhate 


o£ 


3853 
34954 
3055 
3056 
3057 
3068 
3961 
3.362 
3063 
3Y64 
SIGTe we) 
39366 
3967 
3870 
34071 
3072 
38073 
3074 
3875 
3076 
3077 
3108 
3181 
3162 
3183 
3104 
3105 
3106 
3107 
orig 
orl} 
$112 
Srirs 
arr4 
a0 iS 
3116 
oh 7 
3126 
Biel 
3122 
Bie 3 
ote4 
B12s 
3126 
Sie 7 
3139 
3131 
3132 
3133 
3134 
3135 
3136 


|W SL 
6 be hss 
1104 
cE te id 
tl Hoel 
71449 
= Yah Te) 
Ge 
SLO 
3267 
1Y44 
ie om! 
7390 
E3o4 
1167 
77982 
93598 
| es She Be) 
E76 
2336 
| eA ee 
18406 
ors 
Pros 
74508 
53198 
7641 
3114 
p> 8 |B ae 
eris 
3114 
rry4 
1110 
3114 
71804 
i ae 
1107 
Sis 
7106 
1117 
3327 
tele? 
3330 
4521 
BODOG 
BABS 
BOBO 
4553 
£332 
71640 
4553 
1560 


EXTONs 


EXTML» 


LOGTON 
KOSEXI 
LOCTEN 
EXTSOX 
EXTRA 


etd4 
“DI 
EXTRA 
ot3 

M3 
EXTRA 
GLE 
EXTCNT 
EXTRA 
CLA 
EXF INI 
XOSEXT 
i SETS 
XOSEXT 


Pe SUA AT 


DV1 


Deas 3 BF. SP. 


+4 


DV2 
© +3 
DV1 
DV2 
DV2 
QUOT2 
DV2 


DV1 
QUOT! 
DV1 


DVDPT 


EXTML+1 


DVDPT 


EXTML+2 
bP OMOLPT 


CLA 


1 “GNTRO 
FE pV2rh 


CLA 


I CNTRO 
i RECHT 


“ 


SINCE THREE 
oy id eS) 


MORE ? 
NO 


SO ADD THEM 
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MORE 


7 SQUARE DOUBLE 


7. 


PRECISION 


ars | : 


ane BSH 1 3OAle * 


he 
me ae M1 
¢ 3m \ 
ow \ 
' R 
“Maw? GGA Oe VOTRE " 
(XAxO? 1 
ixgeoe 3 
\ 
. 
v7 
i Ta 
teil 
me 
! - 
i re 
\ A Gan 


JISUOE SAAUGE 
AO rergs At s 
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oaot 3757 DCA I EXTSOX 7 AND DEPOSIT THEM 
SF40 2357 PSZ EXTS0x 
3141 1561 TAD 1 RECNT 
Oy) a BW 9 | DCA I EXTSOX 
ees 2357 isa EXITS OX 
3144 2354 £52 EATCNI 
areas 2355 ISZ XOSEXT 
Paao 2355 ISZ XROSEXT 
meat 869267 JMP EXTON 
eroe 1167 EXFINI>; TAD EXTRA 
Sol 3106 DCA CNTR 
Sse 8609 6 wir 1) NEGIT 
o153 7767 MDY> =9 


3154 6896 EXTCNTs; 4) 
3155 0880 XOSEXT>, 2 
3156 9980 SOXEXTs- 4) 
aot 80060 EXTSOXs 4) 


3168 90009 TEST>, BBD 4 VALID VALUES ? 
3161 1246 TAD M260 

Stoo 15958 SPA SNA 

Bos 2371 JMP QUES 7 NO 
3164 1374 TAD MN7 

m6) 1540 SMA SZA 

3166 5371 JMP QUES 4 NO 
Brod 1375 TAD PL7 

eu¢o 5760 Me 1 bef. Les 
3171 7300 QUES>, CLA GEE 

3172 4446 JMS Ub Gio 

mes ~~ S214 JMP ONGO+1] 

3174 7771 MN7, aid, 

Sid> 6207 PLT> 7 


m6 2355 SETS> 2355 


tts 


MINT TLZO%sC GHA * 


¢ @2@AULIAY GLUAV NSN 


Ou 


3200 
3261 
3262 
3293 
3204 
3205 
3206 
3207 
32196 
geil 
g212 
o- 13 
3214 
oak. 
3216 
3217 
3226 
vac! 
Boa, 
jee 3 
3224 
sac. 
3226 
3227 
3232 
ei 
3232 
oa33 
3234 
3235 
3236 
Je3/ 
32 49 
32 41 
32 42 
32 43 
3244 
3245 
32 46 
3247 
32 5G 
wool 
3252 
gc O3 
3254 
3299 


DADO 
7390 
1932 
L327 
7650 
4572 
1032 
L325 
7640 
9680 
5731 
1041 
3333 
3334 
4453 
4453 
7399 
L336 
4433 
ths REG 
6632 
4459 
1032 
3101 
1106 
1346 
1432 
7540 
9263 
Se 
73556 
2203 
a GUYS 
1335 
Laas 
1103 
1324 
STG 
3735 
NS es hs 
1336 
3347 
3747 
MENS tee) 
2347 
SY he) 


*32 00 
DELE ITs 


OKAY > 


DELAGNs 


FINE» 


O26 
CLA 
TAD 
TAD 
SNA 
JMS 
TAD 
TAD 
SZA 
JMP 
JMP 
CIA 
DCA 
DCA 
JMS 
JMS 
CLA 
TAD 
JMS 
oa 5 

KCC 
JMS 
TAD 
DCA 
TAD 
TAD 
TAD 
SNA 
JMP 
TAD 
SPA 
JMP 
JMP 
TAD 
TAD 
TAD 
TAD 
DCA 
DCA 
TAD 
TAD 
DCA 
DCA 
DCA 
Toe 
DCA 


CCE 
XORSOR 
MM331 
Cra 

I STAR7@ 
XORSOR 
MM3a4 
CLA 

I DELEIT 
I CHECK 


NCNTR 
MUMC NT 
I TAB 

I TAB 
Crt 
DELCH 

I WRITE 


(is hg BOS 
XORSOR 
TEMTS 
CNTR 
CNTCTR 
XORSOR 
SZoO 
DELWR 
NCNTR 
SNA 
DELWR 

foe OS Te a 8 
DELLCN 
DELLCN 
LOCTON 
MN2 
DELLCON 

I DELLCN 
DELLCN 

P 400 
LCNDEL 

I LONDEL 
DELLCN 
LCONDEL 

I DELLCN 
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7 DELETE ARAL 


4 VALIDITY CHECK 


7 WHICH RATIO TO 
7 DE ASt doe, 


/ WAS. IT CORKEGT. 2? 


7 YES 3 SOLSDELET EVID 


$fs 


O'TAH A 3JTasae 


(OHO YFIGIIAV S AKO 
me | 


‘fy GLTer HOLHY SN 
¢ 9TR790 


ro3nhOD T1 Saw N 


Til BY 2130 Oc « SY N 


3256 
Be oT 
3269 
3261 
3262 
3263 
3264 
S265 
3266 
3267 
3a 1 
ac/l 
3272 
3273 
3274 
Be tS 
3276 
se tT 
3398 
3381 
3392 
33063 
3304 
3305 
3366 
3307 
3316 
3311 
S312 
S13 
3314 
3315 
3316 
3317 
3326 
3321 
3322 
3323 
3324 
3025 
3326 
3227 
3230 
3231 
3232 
Sao 3 
3234 
3235 
3236 
So37 


3747 
2334 
4446 
4576 
5226 
7349 
4446 
1032 
1326 
1656 
S274 
4451 
AST6 
S228 
4446 
4446 
1077 
1334 
3077 
2359 
1103 
3756 
sI3S% 
3766 
1334 
7641 
pase 
cS IE es 


‘1334 


7641 

746900 
3153 
1354 
3735 
2361 

1976 
3106 
9362 
7776 
TATA 
7462 
1447 
BAG 


3429. 


3436 
ABO 
QBAB 
9900 
3336 
B3B4 


DELWR » 


DELOUT » 


MN2 » 

MM304s, 
MM316>»5 
MM331 5 
P 400 » 

CHECKs 
CHCIT>» 
NCNTR » 


MUMCNT » 
DELLCNs 


DELCHs» 


DCA 
SZ 
JMS 
JMS 
JMP 
CLA 
JMS 
TAD 
TAD 
SNA 
JMP 
JMS 
JMS 
J@MP 
JMS 
JMS 
TAD 
TAD 
DCA 
ISZ 
TAD 
DCA 
DCA 
DCA 
TAD 
CIA 
TAD 
DCA 
TAD 
CIA 
NOP 
DCA 
TAD 
DCA 
tSZ 
TAD 
DCA 
JMP 
-2 
-304 
-316 
-331 
438 
3420 
3436 


I LONDEL 
MUMCNT 

I CRLF 

I TA8S@ 
DELAGN 
CLL 

I GREE 
XORS OR 
MM316 
CLA 

e+ 

PUR eh 

I TA3859 
DELAGN 

Ib GRLE 

I CRLF 
TEMTQ 
MUMC NT 
TEMTQ 
MUMOK 
LOC TON 
NENAOSLE 
I NSTRGE 
I NSTAGE 
MUMC NT 


I CONT! 
I CONT! 
MUMC NT 


I CONTe 
CONT3 

I CONT4 
NUMCTR 
TEMTP 
CNTR 
NEG 


4 NOs 


f= ]) CP epEGs 


{SUE ETS 
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SO ASK AGAIN 


/ SET. UP COUNTERS 
4 FOR EVALUATION 
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“wlaba Me Ge «DH N 
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Coaa ROT \ 
2Tada0 \ 


32 40 
3241 
32 42 
32 43 
3244 
3245 
32 46 
3247 
3256 
g2.51 
82.92 
3253 
3254 
6 Vode Bo) 
3256 
3257 
3266 
3261 


3262 
3263 
3264 
3265 
3266 
3267 
32708 
3271 
3272 
aak3 


CNICTR » 
LONDELs 
MUMOKs 
CONT» 
CONT 1 » 
CONT2 » 
CONT3 5 
CONT4>s 
NXOSLL >» 
NSTRGE » 
NSTAGEs 
NUMCTR » 


NEG» 


NEXTRAs 
NLCT » 
NGLCT » 
MX3 » 
SET >» 


385 
314 
385 
324 
385 
240 
-269 
0BBB 
COBB 
4647 
41 42 
@945 
2116 
4138 
4145 
4146 
4147 
GO2D 


TAD MX3 


DCA I NEXTRA 
TAD NLCT 

DCA I NGLCT 
JMP I CONT 


Q167 
24435 
3051 
2BAB 
3528 


/ 


NEGATE 
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4140aa 


3489 
3461 

3462 
3483 
3404 
3465 
3406 
3407 
3416 
3411 

3412 
3413 
3414 
3415 
3416 
3417 
3429 
3421 

3422 
3423 
3424 
3425 
3426 
3427 
3430 
3431 

3432 
3433 
3434 
3435 
3436 
3437 
3446 
3441 

3442 
3443 
3444 
3445 
3446 
3447 
3459 
3451 

3452 
3453 
3454 
3455 


IBA 
1614 
1656 
5688 
3614 
1215 
3616 
T3T4 
Sola 
Lois 
3716 
5696 
3350 
BABE 
41 42 
B45 
7302 
1166 
i235 
765% 
9231 
1106 
3976 
12344 
eA 
1106 
3676 
1196 
Sie Ko Rs | 
DASE 
3666 
1166 
ERE He 
T6598 
52 44 
pe Veda Gat 
1667 
3182 
5670 
1192 
1666 
3666 
1102 
1945 
3122 
5676 


*3 400 
CRTMUMs, 


NMUMOK >» 
PL65 
NK6 » 
NK3 » 
CHECKs 


DP 6 » 
CHCITs 


BOBO 

TAD I NMUMOK 
SNA CLA 

JMP I CRTMUM 
DCA I NMUMOK 
TAD PL6 

DCA I NK6 
TAD FT Ls 

DCA I NK3 
TAD K11466 
DCA I N4136 
oor JT CR TMUM 
3352 

6 

4142 

QBA45 

CLA CLL 

TAD CNTR 

TAD DP6 

SNA CLA 

Ure «ft } 

TAD CNTR 

pEGm TEMP 
TAD M3 

JMP +4 

TAD CNTR 

DCA TEMTP 
TAD CNTR 

JMP I OKAY+i1 
6 

DCA I DELCN 
TAD CNTR 

TAD DP6 

SNA CLA 

JMP +2 

JMP «+11 

TAD I NCNTRN 
DCA TEMTR 
JMP I FINE+*+! 
TAD TEMTR 
TAD I DELCN 
DCA I DELCN 
TAD TEMTR 
TAD K3 

DCA TEMTR 
JMP I FINE) 


7 DCA 6 IN 
4 DELETED 
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7 SET COUNTERS 


7 DEP OST Zens 
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3456 
3457 
3464 
3461 
3462 
3463 
3464 
3465 
3466 
3467 
3479 
3471 
3472 
3473 
3474 


3549 
3591 
3562 
3583 
3504 
3505 
3506 
3507 
3519 
oi I 
aole 
S013 
3514 
so15 
3516 
Sol7 
3526 
3521 
3522 
a 223 
3524 
3525 
3526 
3527 
3536 
3531 
3532 
B33 
3534 


3543 
3544 
3545 


1476 
7000 
1106 
7650 
S264 
3247 
32 72 
3263 
3339 
3333 
32 41 
1442 
4446 
4446 
IGE 


GO8B 
1360 
PS ui 
33 "2 
L3H3 
4447 
aw ie. 
9304 
5709 
1730 
2300 
92 49 
0063 
11@6 
41390 
BOO 
7360 
1747 
1346 
3747 
1345 
71640 
me He HE 
59366 
5744 
Soie2 
7300 
3345 
fh A3 


4900 
4136 
BB0O 


OKAY +15 
DELCN>s 
NCTNRN>s 
FINE +15 
DELOT> 
DELOTEs 


TABASS 5 


MS > 
LON5SG 5 
KS2 46 > 
PL3 >» 
K11@6>5 
N413G 5 


PAROUT > 
CONTX>s 
X» 
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TAD TEMTR 
NOP 

TAD TEMTR 
SNA CLA 
JMP .+2 
JMP e-12 
JMP DELOTE 
Sau3 

S335 

SoS 

3241 

1442 

JMS TLR LF 
JMS I CRLF 
gee] DELOT 


2o0a / TAB SQ SPACES 
Gua Gil 

TAD MSO 

DCA LCNSS 
TAD KS249 
JMS I TYPE 
ISZ LCNSG 
UMP .-3 

JMP I TABASS 
-59 

G 
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3 

1106 

4132 


CLA CLL 4 SORT LOCATIONS 
TAD I CNIC 

LAD LS 

DCA I CNTC 

TAD X 

SZA CLA 

JMP ° -3 

JMP MUMCT +1 

JMP I CONTX 

JMP MUMCT+5 


CLA CLL 

DCA X 

JMP I PAROUT 
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4136 7 ‘OVER; COMPEETE 
ABD 7 PROGRAM 
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3564 
3565 
3566 
3567 
3570 
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3572 
3573 
3574 
3575 
3576 


0063 
33 46 
BAKO 
71300 
1764 
7659 
se a ds) 
Lio 
71941 
L125 
3145 
3764 
7306 
5759 
3361 
3334 
1747 
1346 
3747 
2345 
1106 
1346 
3776 
5338 
3372 


PLS 
CNTC>s 
CRNUMT >» 


NUMCT >» 
MUMCT > 


MXM3 » 


<| 

3346 

BAD 

CLA CLL 

TAD I NUMCT 
SNA CLA 

JMP I CRNUMT 
TAD I MUMCT 
CIA 

TAD NUMT 

DCA NUMT 

DCA I NUMCT 
ad B= al 

JMP I CRNUMT 
3361 

soc 4 

TAD I CNTC 
TAD PL3 

DCA I CNTC 
TOL kK 

TAD CNTR 

TAD PL3 

DCA I MXM3 
JMP PAROUT .-13 
soe 
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4000 
4001 

4962 
4093 
4884 
4605 
4096 
4007 
4919 
4611 

4012 

4913 
4014 
4615 
4916 
4617 


4920 
4021 
4822 
4623 
4924 
4625 
4626 
4927 
4930 
4831 
4932 
4033 
4034 
4035 
4036 
4937 


49 49 
49 41 
40 42 
4043 
4044 
4945 
4046 
4947 
4956 
46951 
4652 
4253 
4954 


71390 
3106 
Sao 
3164 
1104 
She Kens) 
4353 
4446 
4552 
4541 
1193 
3345 
3346 
3347 
soo 
aod 


AE Bo | 
1037 
4433 
Liss 
4446 
92.2.6 
1351 
7456 
5228 
1343 
7706 
42.49 
rH the, | 
4533 
43535 
222.0 


BAAD 
1106 
16408 
92 46 
Joie 
9247 
4546 
739% 
330 
13549 
1146 
77060 
oi | 


*4000 
PARMs 


MBES » 


MEANS » 


NMEANS » 


MEANON >» 


SUMTOT >» 


CLA 
DCA 
DCA 
DCA 
TAD 
DCA 
JMS 
JMS 
JMS 
JMS 
TAD 
DCA 
DCA 
DCA 
DCA 
JMP 


ISZ 
TAD 
JMS 
=25 
JMS 
JMP 
TAD 
SNA 
JMP 
TAD 
SMA 
JMS 
ISZ 
JMS 
JMS 
JMP 


8068 


TAD 
SZA 
JMP 
JMP 
JMP 
JMS 
CLA 
DCA 
TAD 
TAD 
SMA 
JMP 


C ak 
CNTR 
EXTRA 
NEWXOS 
LOCTEN 
I BLAH 
COMMET 
InwGRLF 
I GOON 
I DPCHAG 
LOCTON 
LOCTON 
STORGE 
STOAGE 
MEANCT 
MEANS 


MEANCT 
CHARG4 
I WRITE 


LGRLE 
MEANS 
MEANCT 


MBES 

M9 

CLA 
NMEANS 
MEANCT 

I SETIS 
L<DEPOST 
MEANS 


CNTR 
CLA 

0 t3 
CLEAR 
MEANON 
I AGAIN 
CLL 
STOCNT 
STOCNT 
CNTR 
CLA 
SUMMON 
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7 START OF MAINLINE 
7 SET COUNTERS 


4 START OUTPUT FORMAT 


7 ASK HOW MANY TO DO 


4 AND COLLECT DATA 


7 AND SORT IT 
7 AND DEROS TT hi 


4 DO MEAN RATIO 


4 FROM STORAGE 
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RY) JM LAM FO YHaATE * 
2aRTHUOD ran oN 
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weAOR TUsTUOC THATE *% 
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Th TRO GWA % 
TY TIZOSad OuA NS 
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aMAaM 
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4955 
4956 
4957 
4969 
4261 
4862 
4663 
4064 
4965 
4066 
4967 
4078 
4871 
4872 
4073 
4B74 
4875 
4976 
4677 
4100 
4101 
4192 
4143 
4164 
4105 
4106 
4107 
4116 
4111 
4112 
4113 
4114 
4115 
4116 
4117 
4129 
4121 
4122 
4123 
4124 
4125 
4126 
4127 
4134 
4131 
4132 
4133 
4134 
4135 
4136 
4137 


1345 
3352 
2352 
1346 
kR52 
3346 
1004 
1347 
1745 
3347 
2345 
2345 
23508 
D261 
1346 
shis 
1347 
ShLS 
3113 
Si LA 
Shh 
1106 
1342 
71649 
33 h2 
1342 
3344 
3186 
23465 
1344 
1045 
3344 
1344 
me 
4556 
1449 
4433 
71765 
tit27 
3326 
4465 
BOOB 
4446 
1106 
1642 
S777 
4554 
4543 
53 48 
4542 
4543 


SUMMONs 


READI» 


ADDRS3 » 


TAD XOSLL 
DGA FIXS 
ES 2)F PXS 
TAD STORGE 
SAD 1 FLXS 
DCA STORGE 
RAL 

TAD STOAGE 
TAD I XOSLL 
DCA STOAGE 
BSZ XOSLL 
TSZ GAUSS LL 
1S.Z) STCGNA 
JMP SUMTOT 
TAD STORGE 
DCA DV4 

TAD STOAGE 
DCA DV3 

DCA DV1 

DCA DV2 

DCA DVSOR1 
TAD CNTR 
TAD K6 

SZA GLA 

JMP +5 

TAD K6 

DCA MUM 

DCA CNTR 
JMP READI 
TAD MUM 

TAD K3 

DCA MUM 

TAD MUM 

DCA DVSOR2 
JMS I DVONE 
CHARGS5 

JMS I WRITE 
-13 

TAD QUOTPT 
DCA ADDRS3 
JMS I DECPRT 
BOBS 

dgMS “I> CREE 
TAD CNTR 
SZA CLA 

Jur ol Fix 
JMS. 1 STDDEV 
JIMS I INCASE 
Mee certs 

IMs 3 )DTwW 
JMS I INCASE 


SA NON 


~~. 
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ALL DONE ? 

NO 

YESwsusG DO 

THE MEAN OF THEM 


9 OR.6, VALUES: 2? 


6 TO AVERAGE 


9 TO AVERAGE 
SO PRINT THEM 


AND DO RATIO 
MEAN 


PRINT MEAN 


DO STANDARD 
DEVIATION NOW 


REPEAT FOR THREE 
MORE SETS 
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4140 4545 JMS I HAPPY / FINISHED THIS 
4141 4572 JMS I STAR7Q / SAMPLE ? 
4142 9696 Ké6s 6 

4143. 7767 M9; -11 

4144 2000 mum, 7) 

4145 9090 XOSLLs g 

4146 @000 STORGE, ) 

4147 9200 STOAGE, ) 

4159 9909 STOCNT, ) 

4151 @000 MEANCT, g) 

4152 @088 FIXS; a 

4153. 9600 COMMETs A000 / ONE LINE FOR 
4154 6046 TLS / COMMENTS 
4155 4562 JMS I XOSMB 

4156 4446 JMS I CRLF 

4157 73080 og TEE 

4169 4450 JMS I LISN 

4161 1032 TAD XORSOR 

abe2 1371 TAD MN215 

4163 7640 SZA CLA 4 ENDS WITH CRLF 
4164 5357 JMP 2-7 

4165 4446 JMS I CRLF 

4166 4446 JMS I CRLF 

4167 3162 DCA TEMTT 

4179 5753 JMP I COMMET 

4171 7563 MN215;5 -215 

4172 7300 CLEARs Clea Wola 

ats 3573 DCA I CNTXOS 

4174 4534 JMS I RATIOS 

TS “S247 JMP MEANON 


AiG 3052 NEGIT+1 + 3652 
4177 3520 FIXs 3528 
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